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Preface
The ultimate goal of this dissertation is to impart upon the reader a greater understanding of Taipei Basin and its peripheries. To this end, three papers have been
produced:
“Strong Motion Downhole Array in Taipei Basin Part I: Calibration and
Peculiarities,” by Brian A. YOUNG, Kou-Cheng CHEN, Bor-Shouh HUANG, and JerMing CHIU, explores a new seismic array in Taipei Basin. This paper was submitted to
Geophysical Journal International in December 2015.
“Strong Motion Downhole Array in Taipei Basin Part II: Near-Surface,
Site-Specific, and Frequency-Dependent Amplification of Seismic Strong Ground
Motions,” by Brian A. YOUNG, Kou-Cheng CHEN, Bor-Shouh HUANG, Jer-Ming
CHIU, and Charles A. LANGSTON, analyzes and models observed amplifications of
seismic waves in Taipei Basin. This paper was submitted simultaneously with Part I to
Geophysical Journal International in December 2015.
“Potential of Magma Reservoirs Beneath the Tatun Volcano Group in
Northern Taiwan from 3D P- and S-wave Tomography,” by Brian A. YOUNG,
Kwang-Hee KIM, Jer-Ming CHIU, Kai-Wen KUO, Peih-Lin LEU, Chien-Hsin CHANG,
and Hsin-Chieh PU, examines volcanism in the Tatun Volcano Group in northern Taiwan
with seismic tomography. This paper was submitted to Geophysical Journal International
in May 2016.

“Seek the hidden path, and open the
doors of knowledge, each in turn.”
— Doreen, Chrono Trigger
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Abstract
Young, Brian Anthony. Ph.D. The University of Memphis. May, 2016. Seismological Study of North Taiwan Based on Borehole and Surface Observations. Major
Professor: Dr. Jer-Ming Chiu.
Three individual studies are performed in northern Taiwan.
First, the relatively-new Strong Motion Downhole Array (SMDA) in Taipei Basin
is examined. The SMDA is comprised of 32 triggered accelerometers spanning eight
sites—each site hosting one at the surface and two to four additional each co-located
down individual boreholes. A variety of remediable issues are demonstrated in this
dataset, including: polarity reversals, swapped components, clock desynchronization,
and bad components. Signal-to-noise ratios are generally excellent. However, the SMDA
is plagued with orientation problems; since each instrument lies within its own individual
borehole, physical orientation of each must be individually accounted for. Some orientations exhibit wander over time; polarity reversals and possibly swapped components on
the horizontal further obfuscate azimuthal orientations.
Second, near-surface, site-specific, and frequency-dependent amplification of
seismic waves is observed on the SMDA and shown to be due to quarter-wavelength
constructive interference between the surface and the base of the Sungshan silts—the
topmost sedimentary formation in Taipei Basin. Geological data is used to verify a
seismological relationship between dominant frequency of S-waves and the thickness
of the silts in the basin. Finally, a map of Taipei Basin is produced showing contours of
near-surface structure and dominant frequencies of amplification. This study empirically
validates several seismological concepts, including quarter-wavelength constructive
interference and downward continuation of the P–SV wavefield.
Third, a tomographic study is performed in northern Taiwan, specifically targeting
the Tatun Volcano Group (TVG) immediately adjacent Taipei. Thought to be extinct,
the TVG has recently been subject to renewed concerns of volcanic hazard. All previous
tomographic studies of Taiwan have been regional and thus used inversion parameters
vii

ill-suited for resolving small and strongly heterogeneous structure at the near-surface.
A heterogeneous initial model is constructed from JHD station corrections; multiple
tomography passes at several spatial resolutions show a small area of low VP , low VS , and
high VP /VS extending and expanding from directly beneath Mt. Chihsing—the largest
volcano in the TVG—to the south–southeast. The resultant tomographic images and
patterns of seismicity are compared to recent studies hypothesizing a magma chamber at 8
to 10 km depth.
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Introduction
Northern Taiwan is located at a junction of great geophysical interest and activity.
The collision of the Eurasian and Philippine Sea plates has resulted in highly complex
subduction and suture zones on and along the eastern coast of Taiwan and just off-shore
(Bird, 2003; Shyu et al., 2005; Smoczyk et al., 2013). At the present, northern Taiwan
is subjected to strong ground motions from powerful earthquakes with some regularity.
Historical volcanism also plays an important role in the development of north Taiwan
(Bonilla, 1975, 1977; Chen et al., 2002; Chen & Tsai, 2008).
It’s at this juncture of geophysical complication that we find Taipei Basin, home to
more than seven million people and the capital of Taiwan. Taipei Basin is a half-graben,
triangular in shape and roughly 20 × 15 km on the surface, which lies in the north of
Taiwan. Topographically, the basin is bounded on the northeast by the Tatun Volcano
Group, on the west by the Linkou Tablelands, and on the south and east by the Western
Foothills of the Central Mountain Range. Geologically, it is bounded on the northwest by
the Sanchiao fault (variously referred to in the literature as, “Shanchiao,” or “Shangjiao”)
and formed by normal displacement along its margin beginning at about 400 ka (Teng
et al., 1994; Central Geological Survey, 1999; Teng et al., 2001; Wang et al., 1996, 2004).
Famously, in 1694 CE, abrupt subsidence, likely caused by a major earthquake on the
Sanchiao fault, caused the ocean to flood Taipei Basin to such an extent that large ships
were able to sail far into the basin. The basin remains within a NW–SE extensional
regime, and the Sanchiao fault is thought to still harbor the potential for a MW 6.5 to
MW 6.9 earthquake (Shyu et al., 2005; Wang, 2008). The thickness of the sediments
comprising Taipei Basin is as great as 700 m, in the northwest, adjacent to the Sanchiao
fault (Wang et al., 2004, 2011).
It is widely accepted that seismic waves can be amplified by thick, unconsolidated
sediments like those which comprise Taipei Basin (e.g., Haskell, 1962; Boore & Joyner,
1997; Nakamura, 2000). Prior to the 1970s, Taipei contained few tall buildings, so there
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were few accounts of serious damage from regional earthquakes. Taipei has since developed into a major global city; hundreds of intermediate to high-rise buildings have been
constructed throughout the basin over the past half-century. It has become apparent that
much of the damage from recent major regional events (e.g., 1986 Hualien, 1999 Chi-Chi,
2002 Hualien, and 2003 Taitung) has been concentrated in areas of soft soils, and despite
improved construction practices, recorded damage has increased with the construction of
greater numbers of tall buildings (Wang et al., 2011; Chen et al., 2014).
In 1990, the need to improve understanding of site response throughout the Taipei
metropolitan area drove the Central Geological Survey and the Institute of Earth Science
at Academia Sinica to establish the Taipei Basin Downhole Seismic Network. This basinwide seismic network provided basic ground motion data for site studies, and it has since
evolved into what is now known as the Strong Motion Downhole Array (SMDA) (Huang
et al., 2010a; Wang et al., 2011). Reaching its current configuration in 2005, the SMDA
is now comprised of a total of 32 triggered strong motion accelerometers at eight sites
throughout Taipei Basin. Each of the eight sites is its own independent vertical subarray, with one accelerometer at the surface and two to four installed at the bottom of
independent but co-located boreholes of varying depths.
This unique 3D seismic array of arrays provides an unprecedented opportunity
to study, in situ, the propagation of seismic waves throughout a thick, sedimentary basin,
both laterally and from depth-to-surface. The use of data from the SMDA moves into
relatively uncharted territory: few studies have been published utilizing these data, and
none have examined it in detail. In this dissertation, data from this array are used in three
individual studies centered in northern Taiwan. This dissertation therefore pioneers new
insight into both the capability and shortcomings of this unique dataset. These studies are
presented as chapters, and each chapter explores and utilizes the data in different ways.
In the first chapter, data from the SMDA are explored with the ultimate goal of
improving understanding of the data quality, glitches, and systemic errors in this dataset.
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A first-order quality check of SMDA data has never been published, and for scientists
interested in using this dataset in the future, a more comprehensive understanding of its
characteristics is important. Cleaning, managing, and debugging raw data is the first step
undertaken in most scientific endeavors.
In the second chapter, SMDA data are used to examine and model seismic waves
traveling from depth-to-surface. Acute near-surface, site-specific, and frequency-dependent
amplification of seismic strong ground motions is clearly observed, and an attempt is
made to understand and model it. An empirical relationship between amplifying frequencies and near-surface geological structure allows seismic data to be used to infer
near-surface sedimentary units. To ensure the accuracy of any such empirical relationship,
the observed behavior of seismic wave amplification is modeled. Improved understanding
of near-surface amplification effects is of great interest to the seismic hazard community,
and by accurately reproducing the observed amplification with a synthetic model, several
theoretical seismological concepts are validated with real data.
In the third chapter, SMDA data are integrated into a catalog of regional P- and
S-wave arrival time picks to determine the effect of borehole observations on tomographic
imaging. The Tatun Volcano Group (TVG) adjacent to Taipei is home to more than 20
volcanic domes and cones (Kim et al., 2005a; Konstantinou et al., 2007). While volcanism in the area has traditionally been considered as extinct, numerous recent studies have
brought the conventional wisdom into question (Chen & Lin, 2002; Kim et al., 2005a,c;
Lin et al., 2005; Konstantinou et al., 2007; Belousov et al., 2010; Rontogianni et al., 2012;
Komori et al., 2014). Many tomographic studies of Taiwan have been performed over
the past decade, and most have noted a velocity anomaly in the general area of the TVG,
but none have been at a resolution sufficient to resolve the small structure expected in
a highly heterogeneous volcanic zone (Kim et al., 2005c; Wu et al., 2007a; You et al.,
2010; Huang et al., 2014). By implementing borehole observations from the SMDA into
a larger tomographic dataset, the utility of borehole data in future tomographic studies
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is determined. Finally, used in conjunction with a novel 3D initial model, a much higherresolution tomographic image of the TVG is realized, adding to the recent conversation
about volcanic hazard in the TVG.

4

Chapter 1
Strong Motion Downhole Array in Taipei Basin Part I:
Calibration and Peculiarities
1

Introduction
Taipei Basin is a large sedimentary basin located in northern Taiwan that hosts

Taipei City—the economic, cultural, and political capital of Taiwan—and is home to a
population of more than seven million. Northern Taiwan is positioned behind a highly
active junction between the Eurasian and Philippine Sea plates: to the east, the Philippine
Sea plate subducts beneath the eastern margin of the Eurasian plate along the Ryukyu
trench, and behind it, extension is occurring in a back-arc region; to the south, the polarity
of subduction reverses, and the Eurasian plate subducts beneath the Philippine Sea plate
(Bird, 2003; Shyu et al., 2005; Smoczyk et al., 2013). At this juncture, northern Taiwan
is subjected to strong and destructive earthquakes (Bonilla, 1975, 1977; Chen et al., 2002;
Chen & Tsai, 2008).
Taipei Basin is a half-graben structure filled with thick, unconsolidated sediments overlying the Tertiary basement. Roughly triangular in shape—slightly larger
than 20 × 15 km on the surface—the basin is bounded on the northwest by the Sanchiao
fault (also referred to in the literature as, “Shanchiao,” or “Shangjiao”) (Figure 1). Taipei
Basin was formed by down-to-the-east normal displacement along the Sanchiao fault
beginning at about 400 ka; the subsidence of the hanging wall formed a depression which
filled with sediments (Teng et al., 2001). Four young formations lie atop the basement
and dip towards the Sanchiao fault: gravel-rich Banchiao (400 ka), sand-and-silt Wuku
(250 ka), gravel-rich Chingmei (100 ka), and silt-dominated Sungshan (30 ka) (Central
Geological Survey, 1999; Teng et al., 1994; Wang et al., 1996, 2004). The depth to the
basement ranges from less than 50 m in the southeast to as great as 700 m in the northwest
adjacent to the Sanchiao fault (Wang et al., 2004, 2011). The basin remains within a
NW–SE extensional regime, and the Sanchiao fault, with a long-term extensional rate of
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1 mm/yr, is thought to harbor potential for an MW 6.5 to MW 6.9 earthquake (Shyu et al.,
2005; Wang, 2008).
It is widely accepted that incoming seismic waves can be amplified by thick,
unconsolidated sediments, and a major portion of structural damage in earthquakes occurs
in areas underlain by soft sediment (e.g., 1985 Mexico, 1989 Loma Prieta, 1995 Kobe,
and 1999 Chi-Chi). In response to observations from recent large local and regional
earthquakes that the preponderance of damage in the Taipei metropolitan area was concentrated in areas underlain by thick, soft sediments, the Strong Motion Downhole Array
(SMDA)—also known as the Taipei Basin Downhole Seismic Network (TBDSN)—was
established in 1991 (Huang et al., 2010; Wang et al., 2011). At its present configuration
since 2005, the SMDA is comprised of 32 independently triggered strong motion accelerometers spanning eight sites (Figure 1). Each site has one accelerometer located at
the surface and two to four installed at the bottom of independent but co-located boreholes
of varying depths up to a maximum of 300 m (Table 1). Six of the sites employ Kinemetrics FBA-23 and FBA-23-DH accelerometers at the surface and at depth, respectively;
Tokyo Sokoshin AS-3250 accelerometers are used at the other two sites. All instruments
are configured to record accelerations as high as ±1 or 2 g (Data Management Center,
2005a; Huang et al., 2010). Through 2014, the SMDA has recorded over 70 local and
regional events. A few very large teleseismic events (e.g., the 2008 MW 7.9 Wenchuan and
2011 MW 9.1 Tohoku events) have also triggered stations in the downhole array. Strong
motion data from the SMDA are thus very important to provide direct measurements to
explore how basins respond to incoming seismic waves. The purpose of this study is to
develop techniques to calibrate the orientations of the downhole data that may vary as
a function of time at various sites, to ensure the best quality of strong motion array data
from the region.
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Figure 1. Map of SMDA sites and recorded events through February 2014
with regional topography and bathymetry. Events used in this study (Table 2)
are shown with an arrow; the teleseismic 2008 Wenchuan event is out-offrame. Taipei Basin is shown in a zoomed inset with the Sanchiao fault,
which bounds it in the northwest; its extent is adapted from Shyu et al. (2005).
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Table 1. Strong Motion Downhole Array in Taipei Basin
Site Name
BL

ES

MP

SC

SS

TF

TU

YH

Latitude (°N)

Longitude (°E)

25.09

Depth (m)

121.51

25.04

25.06

25.07

25.04

25.02

25.04

25.01

121.61

0
13∗
20∗
50∗

121.56

0
26
46
100∗

121.49

0
50
100
200
300

121.56

0
30
49
150∗

121.45

0
22
60
110

121.53

0
21
50
220

121.51

0
50
198∗

* denotes station in bedrock beneath the sediment
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0
27
70
230

2

Data Quality
Preliminary examination of the data produced by the SMDA confirms that they

are in general high quality regardless of infrequent glitches and errors in some of the
recordings. Since each seismometer is independently triggered, available data are not in
continuous form but rather are sorted by event. Additionally, accelerations of weaker or
more distant earthquakes frequently trigger only a few stations but not all eight sites of the
SMDA. Data samples chosen in this study represent the diversity of events recorded by
the SMDA during its time in operation, including four local events, five regional events,
and one teleseismic event (Table 2). Of the four local events, two are located directly
beneath the southeast portion of Taipei Basin (2004/10/23 ML 3.7 and 2005/12/05 ML 3.7);
the remaining two are adjacent the northeast portion of the basin, beneath the Tatun
Volcanic Group (2006/04/24 ML 3.1 and 2014/02/11 ML 4.0—the largest event since 1988)
(Chen et al., 2014). All four local events are shallow, with hypocenter depths ≤10 km.
Of the five regional events, two are deep, located to the east on the subducting slab of
the Philippine Sea plate (2004/10/15 ML 6.6 and 2005/10/15 ML 6.4; depths of 100 km
and 200 km, respectively); one is located in oceanic crust to the southeast (2009/07/13
ML 6.3); and two are located in continental crust to the south–southwest (2006/12/26
ML 7.0 and 2009/11/05 ML 5.6).
2.1

Noise
As a triggered array, the triggering threshold varies at different SMDA stations

depending on the level of background noise at each site. A typical triggering threshold is
0.2 % of the full range of the seismometer (Liu et al., 1999). Though accelerations of very
weak or distant earthquakes are occasionally insufficient to trigger the downhole array
upon the initial P-wave arrival—sometimes resulting in failure of the first-arriving seismic
waves to be recorded—data for most triggered events are of high quality (Figure 2).
Averaged across all borehole depths and all selected events in this study, signal-to-noise
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Table 2. Table of events examined in this study. A sample of 10 events were
chosen that represent the diversity of events recorded by the SMDA during
its time in operation. Because each site within the SMDA is individually
triggered, not all stations are active for every event; sites for which data exists
are marked with an “X.”
Event
yyyy/mm/dd Mag
2004/10/23
2005/12/05
2006/04/24
2014/02/11
2004/10/15
2005/10/15
2006/12/26
2009/07/13
2009/11/05
2008/05/12

3.7
3.7
3.1
4.3
6.6
6.4
7.0
6.3
5.6
7.9

Domain

BL

Local
Local
Local
Local
Regional
Regional
Regional
Regional
Regional
Teleseismic

X
X
X
X
X
X
X
X
X
X

Responding SMDA Sites
ES MP SC SS TF TU

X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X

YH

X
X

X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

ratios of the time window from the initial P-wave to the initial S-wave arrivals all three
components equal or exceed 20 dB. Signal-to-noise ratios are typically slightly higher
(approximately 4 dB, on average) on the vertical components than on the two horizontal
components—to be expected given the chosen time window. Signal-to-noise ratios
were calculated by squaring the ratio of root mean squared amplitudes of signal to noise
(Equation 1). All data from the beginning of the recording to the first-arriving P-wave
are considered as “noise,” and everything from the initial P-arrival to the initial S-arrival
are considered as, “signal.” A time window encompassing the P-wave train was chosen
because SMDA sites are expected to be triggered, nominally, by the first-arriving P-waves.
Data are detrended and the mean removed prior to calculation.
S/NdB = 10 log10

!
 signal rms 
signal power
= 20 log10
noise power
noise rms
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Figure 2. Signal-to-noise ratios of the P-wave train, by channel. Mean
ratios are approximately 20 dB for both horizontal components and 24 dB—
slightly higher—on the vertical component. The 2008/05/12 Wenchuan event
(Table 2) is excluded because the initial P-wave arrival was not recorded.
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2.2

Polarity Reversals
Polarity reversals on seismometers appear to be an occasional problem with the

recorded data. With 32 stations at eight sites, each event is recorded by the SMDA with
nearly 100 channels of data. For any given event, it is not uncommon for one or two
channels to have reversed polarity. In the events examined, we see polarity reversals on
the vertical component on: 2004/10/23 at stations BL000, 027, and 070; 2009/07/13
at BL230 and SC300; 2009/11/05 at BL230; and all observations at SS150. Reversed
polarities on vertical components are trivial to identify and resolve. Each site has one
surface station and two to four co-located borehole stations. By simply comparing the
vertical-component waveforms of each station at the same site, the station with reversed
polarity can be clearly identified (Figure 3). Among all the sites, only station SS150 (i.e.,
site SS, station at 150 m depth) appears to consistently exhibit a polarity reversal on the
vertical component. This suggests an installation or station-specific problem. Identifying
reversed polarities on horizontal components is more difficult. Azimuthal orientations of
the horizontal components of the borehole stations are unknown (discussed later in the
“Orientations” section), so prior to determining whether a horizontal component channel
is exhibiting reversed polarity, the physical orientation of all stations must be individually
accounted for. Determining the relative orientation of borehole seismometers to the colocated surface stations with some confidence is often not trivial.
2.3

Swapped Components
Another infrequent data issue observed in this study is the occurrence of swapped

components (Figure 4). Strong motion data processed by the Institute of Earth Sciences,
Academia Sinica, are recorded in a standardized ASCII file-format (Data Management
Center, 2005b). Each data file consists of a header, including a station name and 40
integer variables, followed by strong motion data in the specific order: vertical, east–west,
and north–south. Information regarding the number of samples and length of each chan-
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Figure 3. Example of a channel with reversed polarity. At site SS, the
polarity of the vertical component waveform at 150 m is exactly opposite
those at 49 m, 30 m, and at the surface.
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nel is also recorded in the header. In four instances (2005/10/15 at SS150, 2006/04/24
at SS150, 2009/07/13 at BL230, and 2014/02/11 at BL027), we observed that components were swapped—that is, the three components of data were recorded in the data file
out of order. Out of hundreds of channels of data closely examined, that merely four
instances of swapped components were observed suggests that this is not a common
problem. Nevertheless, such occurrences in the data recording should be noted. In all
four instances, the vertical and east–west components were swapped; whether a result
of coincidence or recurring instrumentation error is unclear. It should be noted that the
SMDA installation logs (Institute of Earth Sciences, 2009) indicate that the component
that each channel corresponds to is inconsistent from site to site. At most stations, data
channels 1, 2, and 3 correspond to the north–south, vertical, and east–west components,
respectively; but at sites ES and YH, they correspond to vertical, north–south, and east–
west. These waveforms are then written to the data files in the order of vertical, east–west,
and north–south. Whether these inconsistencies could contribute to the observed swapped
components is unclear.
2.4

Clock Desynchronization
As a triggered array, the recording start times differ slightly at different SMDA

sites. However, when seismograms from different sites are plotted by absolute time,
a simple seismic moveout—where stations closer to the event epicenter record earlier
arrival times than stations further away—shows that the clocks at each site are synchronized. However, occasionally the arrival of seismic energy at one site is observed to be
offset several seconds—or even minutes—relative to all other sites (Figure 5). These
anomalously large relative start time offsets are likely erroneous. In addition, although
seismic stations at each site are independently calibrated and record to separate data
files, all co-located stations at any single site share both a common data header and a
common clock and are therefore triggered simultaneously. Thus, if the clock at one site
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Figure 4. Example of swapped vertical (Z) and east–west (E) components
on 2005/10/15 at site SS150. Data have been demeaned, detrended, and a
1.5 Hz lowpass filter applied to more easily view the waveforms.
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is in error, the recorded start time of all data from all depths at that particular site are
in error. Though clock desynchronization does not occur in all event data, neither does
it appear to be rare; however, it is unusual for more than one site, for any given event,
to show evidence of clock errors. Also, desynchronization does not consistently affect
only one particular site, suggesting that these errors are not due to installation issues
at a specific site but rather may occur infrequently and randomly at any site. Because
clocks are synchronized routinely by GPS and have a daily drift of less than 26 ms per
day in the event of a loss of GPS signal (Liu et al., 1999), the cause of observed clock
desynchronizations is unclear. Cases of desynchronization will be resolved automatically
the next time the clock synchronizes by GPS.
2.5

Bad Components
An examination of the data in this study shows instances of “bad components”—

here defined when a component at a station records only aseismic noise or a simple flatline—to be uncommon. Bad components were only seen during two events. In one case,
during the ML 4.3 event on 2014/04/11, the N-component of BL027, the Z-component
of BL070, and the E-component of BL230 all show flat lines; despite this, all other
components record as normal. In the other case, during a ML 6.3 event on 2009/07/13,
the Z-component of TF060 and all three components of BL000 are simply aseismic
noise. In all cases, these stations were operating normally before this event and, despite
no maintenance having been performed (Institute of Earth Sciences, 2009), returned to
normal operation afterwards. As with any seismic data, it is prudent to always review the
data against quality control checks before employing it en masse for research purposes.
2.6

Orientations
Difficulties were experienced with the azimuthal orientations of the borehole

stations in the SMDA. At the time of installation, borehole stations are lowered down
individual narrow boreholes; orientations are determined by precision compass, and the
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Figure 5. Example of a site exhibiting clock desynchronization. Vertical
component waveforms at surface stations across SMDA from an ML 6.3 event
on 2009/07/13 are shown. There is an 8 s offset between the first-arriving
seismic energy at site YH and all other stations in the array. Data have been
demeaned, detrended, and a 5 Hz lowpass filter applied to more easily view
the waveforms.
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instruments are fixed in place by pouring fine sand into the borehole (Huang et al., 2008,
2010). The orientations of the two orthogonal horizontal components are recorded in
service logs at the time of installation (Institute of Earth Sciences, 2009). Preliminary
examinations of data produced by the SMDA suggest that these initially-determined
values for orientation are correct, as horizontal-component waveforms from a single
event are similar across all stations in the array (Huang et al., 2008). However, as data are
collected over time, it has become clear that there is a serious issue with the orientations
of the borehole instruments: seismometers appear to have rotated over time, perhaps due
to strong ground motions.
When using these data, vector rotation is applied to data from the two horizontal
components of each borehole station by an amount denoted at the time of installation
(Institute of Earth Sciences, 2009). The expectation is that this vector rotation will bring
them into alignment with the respective co-located reference station at the surface. An
approximate similarity between the waveforms at co-located stations from depth to surface and, for very low frequency seismic waves, across all sites in the entire array, would
strongly suggest that the orientations of the borehole seismometers are in alignment.
Conversely, waveforms that appear to be greatly incoherent from depth-to-depth at a
single site suggest that the horizontal axes of the stations at that site are not in alignment
with each other. By applying vector rotation to data from events recorded months to
years following station installation, it becomes clear that these initial values for azimuthal
orientations are no longer accurate.
As an example, according to the installation logs, station TF060—site TF, station
at 60 m depth—was installed with a 128° offset in azimuthal orientation relative to surface
station TF000. However, when a rotation of 128° is applied to data from a ML 6.3 event on
2009/07/13, the waveforms on TF060 do not match those on reference station TF000 to
any appreciable degree. Instead, data from the borehole station match the reference when
a vector rotation of 13° is applied (Figure 6, top). Thus, between the time of installation
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and the event on 2009/07/13, the orientation of station TF060 appears to have changed by
115 degrees. No changes to station orientation are indicated in the installation logs.
Perhaps yet stranger, when this newly-determined vector rotation of 13° is applied
just four months later on data from a ML 5.6 event on 2009/11/05, the waveforms at
borehole station TF060 are, yet again, uncorrelated with reference station TF000. But
when a vector rotation of 70°—an azimuthal orientation different from either that denoted
in the installation logs (128°) or previously determined (13°)—the waveforms at the
borehole and reference stations come back into correlation (Figure 6, bottom).
These results suggest that the azimuthal orientations of borehole stations in the
SMDA have changed more than once—and continue to change—over time. Due to
this instability, it is necessary to redetermine the offset in azimuthal orientation of each
station for each event relative to its respective reference station at the surface. This is
a cumbersome obstacle when using these data for research. Depending on the noise,
distance from the epicenter, and magnitude of the event, determining the orientations
of the borehole stations is often not a trivial task (Figure 7).
3

Calibration
A typical method to determine the horizontal orientations of already emplaced

borehole seismometers is to compare recorded particle motions of the first-arriving
seismic P-waves with known backazimuths to events with well-constrained epicenter
locations (Aster & Shearer, 1991). Linearity in the initial motions of the dilatational
P-waves ensures a high degree of accuracy in the horizontal orientations of a seismometer. This method works well for regional sources, where seismic energy arriving at the
receiver is predominately low frequency and high-frequency ground motions can be
filtered from recorded waveforms—thereby removing near-surface scattering and seismic
phase conversions. Determining horizontal orientations by using the first-arriving Pwave energy becomes difficult, however, under a variety of circumstances: a high noise
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Figure 6. Horizontal-component data from borehole station TF060 (black)
superimposed on reference station TF000 data (gray). All waveforms are
normalized, and a low pass filter of 0.7 Hz is applied to minimize near-surface
effects. According to installation logs, the azimuthal orientation of station
TF060 is 128° offset relative to reference station TF000 at the surface. At
the top, waveforms from the borehole station correlate clearly with reference
data when a vector rotation of 13°, rather than 128°, is applied for a ML 6.3
event on 2009/07/13. Just four months later, on 2009/11/05, waveforms
correlate best with a vector rotation of 70°—different from either the original
installation orientation (128°) or the previously determined orientation (13°).
The azimuthal orientation of station TF060 appears to have changed in the
four months between these two events.
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Figure 7. Rotated E-component data from borehole stations (black)
superimposed on reference surface data (gray). All waveforms are normalized.
Low pass filters of 0.7, 0.7, 4, and 1.5 Hz are applied to a, b, c, and
d, respectively, to aid viewing. (a) Using the orientation denoted in the
installation logs (175°), waveforms correlate poorly between borehole station
YH050 and reference YH000 for a regional ML 6.3 event on 2009/07/13.
(b) Station YH050 correlates well for the same event when a vector rotation
of 93° is applied. For regional events, borehole station orientations may be
estimated by iteratively applying vector rotation until a maximum correlation
is reached between borehole and reference data. (c) A maximum correlation
between stations BL230 and BL000 occurs when a rotation of 154° is applied
to the borehole station for a local ML 3.1 event on 2006/04/24. For local
events, waveforms at depth may match reference data at the surface upon the
initial S-wave arrival, but they typically dissociate rapidly thereafter. (d) A
maximum correlation of 0.58 occurs between stations SS150 and SS000
when a rotation of 86° is applied for a local ML 3.7 event on 2005/12/05.
First-arriving S-waves visually match well with a rotation of 14°, rather than
86°, but the correlation coefficient is lower, at 0.50. For local events, the
maximum correlation may occur at azimuthal orientations where the stations
are clearly not in alignment.
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floor and low signal-to-noise ratios obscure the first-arriving P-wave energy of weak
or distant sources; very slow seismic velocities beneath the receiver—such as the soft,
unconsolidated sediments of Taipei Basin—can strengthen the relative contributions of
local scattering and P-to-S conversions to the first-arriving seismic energy, significantly
reducing linearity of the P-wave particle motions and masking the backazimuth of the
first-arriving seismic energy; and nearly vertically incident ray paths from local sources
result in very low amplitudes on the seismometers’ horizontal components from the firstarriving P-waves, further jeopardizing the effort to isolate dilatational particle motion
from noise, local scattering, and P-to-S conversions. The extremely low seismic velocities
in Taipei Basin (as low as 170 m/s for S-waves, 450 m/s for P-waves) further cause ray
paths to bend toward the vertical, compounding this issue (Wang et al., 1996, 2004).
Due to the apparent long-term instability of the azimuthal orientations within
the SMDA, it is necessary to redetermine the orientation of each borehole seismometer
for each event prior to data use. As a consequence, a method for determining azimuthal
orientations of the borehole seismometers must be employed that is reliable not only for
ideal regional events but also for local events with high-frequency ground motions and
nearly vertically incident ray paths. The amplitudes of S-waves are typically larger than
P-waves in Taipei Basin, and in the case of vertically incident ray paths, the horizontal
motion of P-waves is at a minimum while that of S-waves is at a maximum. For these reasons, the first-arriving S-waves at each site are used to determine borehole seismometer
orientations.
3.1

Iterative Determination
An iterative cross-correlation method is used to determine azimuthal orientations

of each borehole station for each event. Installed at each site within the SMDA are one
seismometer at the surface—with known orientation, used as a reference—and two to
four additional co-located borehole seismometers—which, for any given event, have
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unknown horizontal orientations. Because of the close proximity of co-located seismometers to each other—the deepest station is at 300 m depth (SC300), and the largest
vertical separation between stations is 170 m (from TU050 to TU220)—waveforms of
co-located stations should be similar after low-pass filtering to remove near-surface effects.
The offsets in azimuthal orientation between each site’s surface station and co-located
borehole stations may be found by applying vector rotation to horizontal component data
at depth until the first-arriving S-waves closely correlate with the waveforms from each
site’s respective reference station at the surface (Figure 7a,b).
To determine azimuthal orientations of borehole seismometers at each site relative
to the co-located reference stations, a low-pass filter is applied to minimize the effects
of near-surface noise, scattering, and seismic phase conversions. A corner frequency
for the low-pass filter is chosen that corresponds to a wavelength greater than the largest
feature to be filtered out—in this case, the thickness of Taipei Basin. The sediments of
Taipei Basin are as thick as 700 m and overlie the Tertiary basement rock. With S-wave
velocities of the Tertiary basement rock of approximately 1.5 km/s (Wang et al., 1996;
Wen & Peng, 1998; Wang et al., 2004), a corner frequency not exceeding 2 Hz should
be sufficient to filter most seismic waves with wavelengths smaller than the thickness of
the basin, ensuring the removal of shallow basin effects to the greatest extent possible.
Then, suppose t i , a discrete time series with N samples which is a subset of time, t. For
each depth, z, we define a 2× N matrix, X z , and populate it with row vectors, n z (t i ) and
e z (t i ), corresponding to the time series data recorded on the north–south and east–west
components, respectively, of a seismic station at that depth. For each seismic station, we
choose an arbitrary time window, τz , which is a subset of time, t i , around the first-arriving
S-waves (Equation 2).
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(2)

We define a two-dimensional rotation matrix to rotate about the vertical axis,


 cos (θ) sin (θ) 
,
R (θ) = 
− sin (θ) cos (θ) 



(3)

where the angle of rotation, θ, is measured clockwise from north, and we define the
correlation coefficient between two time series, X and Y , as
Cor (X, Y ) =

Cov (X, Y )
.
σ X σY

(4)

Iterating across all orientations, the horizontal components of the borehole seismometer,
X z , are rotated and cross-correlated with the reference data at the surface, X0 , until a
maximum cross-correlation coefficient for both components is reached (Equation 5).
Where correlation coefficients are at a maximum, the orientation of the borehole station,
φ z , is interpreted to be in alignment with the reference station.
φ z = arg max Cor X0 (τ0 ) , R (θ) X z τz



θ∈[0,2π)

3.2

(5)

Results
The method of iteratively rotating and cross correlating horizontal component

data from boreholes with reference data at the surface (Equation 5) is successful for
most regional and teleseismic events. If the maximum attainable correlation coefficient
between a borehole and reference station is found to be very low (i.e., <0.5), it may indicate a data problem. For instance, if one of the horizontal components is swapped with a
vertical component during event recording, if one of the components has failed, or if one
of the components has suffered an erroneous polarity reversal, correlations between these
waveforms and the reference will be poor; these data should be corrected—or thrown
out, if necessary. After repairing—or rejecting—the occasional bad datum, we find that
maximum correlation coefficients between borehole and reference stations largely exceed
0.9 for regional and teleseismic events (Figure 8b). Determining the orientation of local
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Figure 8. Histograms for maximum correlation coefficients between borehole
stations and reference surface stations after iterating through all orientations.
(a) Correlation coefficients are poor for local events, where ray paths are nearly
vertically incident, and local effects and scattering dominate the waveforms.
(b) Maximum correlation coefficients are high for regional (and teleseismic)
events, where ground motion is lower frequency, and near-surface effects are
reduced.

events is difficult, however, as the method introduced in Equation 5 may break down due
to complex wave propagation at higher frequencies within Taipei Basin (e.g., Figure 7c,d).
This is readily seen by comparing maximum correlation coefficients for local events with
regional events (Figure 8a).
Though approximately half of observations from local events result in correlation
coefficients of less than 0.5, there remain a fair number of observations with correlations
greater than 0.7 (Figure 8a). With these data from teleseismic, regional, and some local
events, the offset in azimuthal orientations of each borehole station relative to its respec-
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tive surface station over time can be determined, and we may gain some understanding of
the behavior of the apparent orientation wander. After applying a low pass filter of 0.7 Hz
to all data, offsets in azimuthal orientation relative to the reference are found for for each
station at each event by Equation 5 and plotted in Figure 9.
An estimate of error in the determined orientations, E, is given by Equation 6 and
plotted as error bars, where E0 is mismatch between the orientations at which each component of the borehole station has the best correlation with its corresponding reference,
and r z is the mean of the correlation coefficients of both horizontal components at the best
determined orientation, φ z , from Equation 5.

E = 180 1 − r z + E0

(6)

By Equation 5, as vector rotation is iteratively applied to the horizontal components
of borehole data, each of the resultant rotated components is cross-correlated with its
respective reference at the surface—that is, the rotated borehole N-component is crosscorrelated with the reference N-component, and similarly, the rotated borehole E-component
is cross-correlated with the reference E-component. The orientations at which the borehole and reference N-components, and borehole and reference E-components, attain a
maximum correlation are often slightly different. The “determined” value for offset in
azimuthal orientations relative to the reference in Equation 5 is taken as the mean between these two values, while their difference represents a kind of error in the orientation
determination, E0 . For example, for a regional ML 5.6 event on 2009/11/05 at station
YH198, the N-components reach a maximum correlation coefficient at 113°, while the
E-components reach a maximum at 135°. Thus, the determined orientation lies between
these two values, and the error resulting from the mismatch between the orientations of
maximum correlation on the N- and E-components, E0 , spans its distance: (124 ± 11)°.
The difference in orientations at which each horizontal component attain a maximum correlation with its reference relates to only one type of uncertainty, however.
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Figure 9. Determined azimuthal orientations for each borehole station
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were determined by Equation 5 with a 0.7 Hz low pass, and data from events
with maximum correlation <0.5 were disregarded. Dashed lines indicate the
orientations denoted in the installation log. Error bars are determined by
Equation 6. Most stations show erratic and severe orientation wander.

This uncertainty does not make sense if the actual correlation between the waveforms
is poor. Though the correlations between borehole and reference waveforms primarily tell
us something about incoherence in the waveforms and not necessarily anything about
azimuthal orientations, they can be used to scale the previously mentioned error, E0 .
Should waveforms at a borehole station have correlations of exactly 0 with their reference
station, it follows that we know absolutely nothing about the azimuthal orientations.
Conversely, should the correlations between borehole and reference stations be equal to
1, we would be absolutely certain of the reliability of the determined values for azimuthal
orientation. In Equation 6, error is minimized when the correlations between rotated
borehole and reference waveforms is maximized and the difference in orientations at
which the N- and E-components reach a maximum correlation is minimized. Conversely,
error is large when correlations are poor and there is disagreement between N- and Ecomponents on the best orientation.
4

Discussion
This study attempts to examine the readiness of data from the Strong Motion

Downhole Array (SMDA) in Taipei Basin to be used for broad research while noting
potential issues that may arise. A precursory examination of a diverse sample of data—
local, regional, and teleseismic events; sources from the north, east, and south; and events
with origins in oceanic and continental crust—shows that despite several infrequent data
recording issues, signal-to-noise ratios are generally good (Figure 2). Most of those
data problems that exist are easy to find and simple to fix. The primary issue with these
data regards azimuthal orientations of borehole stations (Figures 6 and 7), which exhibit
azimuthal orientation wander over time. Since horizontal-component polarities may be
vital for some research, it is necessary to determine azimuthal orientations of all borehole
seismometers for each event prior to use.
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The method of iteratively rotating and cross correlating horizontal component
data from boreholes with reference data at the surface (Equation 5) is successful for most
regional and teleseismic events (Figure 8b). Azimuthal orientations of borehole stations
relative to the respective reference stations at the surface are determined that result in
correlation coefficients which largely exceed 0.9.
But this method breaks down with local events. Whereas the preponderance
of ground motion from regional and teleseismic events is relatively low frequency, the
opposite is true of local events. Taipei Basin is frequently subjected to local events (both
directly beneath and adjacent the basin), and the short distance from the SMDA to the
event hypocenter allows high-frequency waves to be well-developed. High-frequency
seismic waves sample the fine structure within Taipei Basin better than low frequency
waves, making the recording of these events highly useful for studying basin response
to incoming seismic waves. But while the relatively high-frequency ground motions
and close proximity to SMDA make these events prime targets for study, these same
properties make the determination of borehole orientations difficult. Correlation coefficients between low-pass filtered waveforms at the SMDA borehole stations and their
respective reference stations are extremely low for local events—in some cases, the
highest coefficient is less than 0.2 (Figure 8a). Further, the short distance from Taipei
Basin to local event epicenters is insufficient for very long-period surface waves, which
are ideal for the determination of relative orientations, to emerge. Propagation of higher
frequency seismic waves (e.g., >2 Hz) in Taipei Basin may be quite complicated; severe
scattering, phase conversions, and possible nonlinear soil behavior with strong ground
motions (Huang et al., 2010) muddle the coherence of waveforms from station to station
(Figure 7c,d). Various approaches have been attempted to algorithmically determine
borehole seismometer orientations for local events, including: incrementally decreasing
low-pass filters; comparing waveforms using narrow, cascading, and sliding bandpass
filters; using spectral smoothing; employing spectral subtraction of noise (Boll, 1979);
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using polarity filters to isolate P-, SV-, and SH-waves (Bataille & Chiu, 1991); exploring
particle motion linearity (Aster & Shearer, 1991); comparing apparent back azimuth
as a function of time; comparing the axes of maximum ground acceleration; and all of
the above applied to various narrow and broad time windows centered around the Pwaves, S-waves, and whole waveforms. No two methods result in consistent values for
borehole orientations during local events. If one has confidence in the time windowing
of the first-arriving direct S-wave energy, in the best case, it may be possible to reliably
determine orientations for local events (Figure 7c). But picking S-wave arrivals can be
a difficult—and often subjective—endeavor, and for local events, coherency from depth
to surface breaks down rapidly beyond the initial direct P- and S-wave phases. In some
cases, the orientation at which a maximum correlation coefficient is attained may not be
the orientation at which the horizontal components of the borehole and reference stations
are in alignment (Figure 7d). Ultimately, the iterative cross-correlation method works
very well for regional events (Figure 8b), but is unreliable for most—though not all—
observations from local events (Figure 8a).
Despite approximately half of local events being unsuitable for purposes of the
determination of azimuthal orientations, the remaining half, with correlation coefficients
greater than 0.5 (Figure 8a), may be used in conjunction with regional and teleseismic
events. After applying a low pass filter of 0.7 Hz to all waveforms, the offset in azimuthal
orientation of each borehole station relative to its respective surface station over time is
determined by Equation 5 and shown in Figure 9.
At first glance, the behavior of orientation wander of many stations in the SMDA
seems erratic and severe. Moreover, very few of the determined azimuthal orientations
are in agreement with those noted in the installation logs. But curiously, we notice that a
great many of the datum lie in multiples of 90° offset from installation values. Additionally, many of the datum which indicate severe orientation changes from event to event also
jump, to a large degree, by multiples of 90°. By simpling “nudging” each of the datum by
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multiples of 90° until they are as close as possible to the values denoted in the installation
logs, the chaotic nature of the observed orientation wander is greatly tamed (Figure 10).
That the simple act of addition and subtract of multiples of 90° brings the azimuthal orientations under control strongly suggests semi-frequent instances of previouslyundetected polarity reversals (Figure 3), or even swapped components (Figure 4), on
the horizontal components of borehole stations. The consideration of either of these
data glitches is not necessarily surprising. As noted in the preceding section on “data
quality,” polarity reversals on the vertical components of the borehole stations are seen,
on average, a handful of times per event. Given that the azimuthal orientations of borehole seismometers are not known without some effort to determine them, with only a
precursory examination of borehole station data, it is not immediately apparent whether
or not a polarity reversal has occurred on one of the two horizontal components. The
determination of a polarity reversal on these stations can only come after some attempt to
apply vector rotation and cross correlate with reference data at the surface to determine
azimuthal orientations. Figure 10 provides clear evidence of the occurrence of polarity
reversals on the horizontal components of the borehole stations.
A polarity reversal on one of the two horizontal components provides that no matter the vector rotation applied, one of the two components will always appear to be 180°
out of phase relative to its reference. In cases with complex waveforms, this will result
in very poor correlation coefficients; but in cases with relatively simple waveforms (e.g.,
low-passed long period signal from regional or teleseismic events), values for azimuthal
orientation offsets may be found that result in correlation coefficients well above 0.5.
Rather than very poor correlations, for these sorts of events, a polarity reversal will result
in a relatively high difference in the orientations at which the N- and E-components attain
a maximum correlation with their reference. That is, the error denoted in Equation 6, E0 ,
will be high, but the correlation at the best-fit orientation, r z , will not be excessively low.
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Figure 10. Each datum from Figure 9 is “nudged” by multiples of 90° to
bring it as close as possible to the orientations denoted in the installation
logs. Though some orientation wandering is still present, the reduction
in the severity and chaotic nature of wander merely through addition
or subtraction of multiples of 90° is suggestive of frequent instances of
previously-undetected polarity reversals—or even swapped components—on
the horizontal components of SMDA stations.
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The results in Figure 10 also raise the possibility of the swapping of the two
horizontal components on some stations at some events. If the north–south and east–west
components of a seismometer were to be swapped with each other, this would manifest
itself in the data as a counter-clockwise change in azimuthal orientation of 90° plus a polarity reversal on the N-component. Several of the data in Figure 10 have been “nudged”
by values of −90° or 270°, so the swapping of horizontal components is not out of the
question.
5

Conclusions
Despite the issues documented herein, overall data quality of the SMDA remains

very good for certain applications. Most data issues that exist are minor; they are easy
to find and simple to fix. Signal-to-noise ratios are good. The drifting and wandering
of borehole seismometer orientations over time seem to be the primary concern with
these data. Nevertheless, a method to reliably determine the borehole station azimuthal
orientations is demonstrated in this study. Carefully calibrated SMDA data are an invaluable asset for studying the propagation of seismic waves within a thick basin of
unconsolidated sediments in an urban environment. Offering a rare in situ look at seismic
waves at multiple depths, landmark studies may be conducted with these data.
6
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Chapter 2
Strong Motion Downhole Array in Taipei Basin Part II:
Near-Surface, Site-Specific, and Frequency-Dependent Amplification
of Seismic Strong Ground Motions
1

Introduction
It is accepted that seismic waves can be dramatically amplified within sedimentary

basins. Origins of such amplification are myriad: large impedance contrasts between
the overlying soft sediments and the underlying bedrock trap seismic waves at the nearsurface, as in a waveguide (Haskell, 1962; Boore & Joyner, 1997); local topography—
both at the surface and at depth—may direct seismic energy toward focal points or induce strong surface waves (Ohtsuki & Harumi, 1983; Frankel & Vidale, 1992); basins
with thickness equal to a quarter-wavelength of incident seismic waves favor inducing
constructive interference at the near-surface (Nakamura, 2000; Carniel et al., 2006;
Puryear & Castagna, 2008; van Der Baan, 2009); and basin resonance serves to further
prolong shaking (Chiu & Langston, 2011; Furumura et al., 2011). Damage patterns
of contemporary earthquakes (e.g., 1985 Mexico City, 1989 Loma Prieta, 1995 Kobe,
and 2011 Tōhoku-oki) consistently show that much of the worst damage occurs in areas
underlain by thick or soft soils (Borcherdt & Holzer, 1994; Murillo, 1995; Takemiya &
Adam, 1997; Nishiyama et al., 2011). Further adding to the catastrophe, strong ground
motions of sufficient magnitude may induce soil liquefaction (e.g., 1811–1812 New
Madrid, 1964 Niigata, 2011 Bhuj, and 2011 Christchurch), providing that the right soil
conditions are met (Ambraseys & Sarma, 1969; Bendick et al., 2001; Tuttle et al., 2002;
Quigley et al., 2013). Thus, study of near-surface amplification of seismic waves is
paramount to further understand seismic hazard, especially in areas underlain by thick,
unconsolidated sediments.
Taipei Basin, a large sedimentary basin in northern Taiwan, is home to as many
as seven million people and hosts the capital of Taiwan, Taipei City. Taipei is located
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at a junction of great geophysical interest and activity, briefly summarized in the companion paper (Young et al., 2016) and described in great detail by numerous authors
(Wang et al., 1996; Teng et al., 2001; Wang et al., 2004, 2011). The collision of the
Eurasian and Philippine Sea plates has resulted in complex subduction, collision, and
suture zones along the eastern coast of Taiwan and just off-shore (Bird, 2003; Shyu et al.,
2005; Smoczyk et al., 2013). Because of this geophysical setting, northern Taiwan is
subjected to strong ground motions from powerful earthquakes with some regularity
(Bonilla, 1975, 1977; Chen et al., 2002; Chen & Tsai, 2008). Taipei Basin, itself, is a halfgraben, triangular in shape and roughly 20 km by 15 km in surface area. Topographically,
it is bounded on the northeast by the Tatun Volcano Group, on the west by the Linkou
Tablelands, and on the south and east by the Western Foothills of the Central Mountain
Range (Figure 1). Geologically, it is bounded on the northwest by the down-to-the-east
Sanchiao normal fault (also referred to in the literature as, “Shanchiao,” or “Shangjiao”)
and formed beginning at about 400 ka. The basin remains within a NW–SE extensional
regime, and the Sanchiao fault is thought to still harbor the potential for a magnitude 6.5
to 6.9 earthquake (Shyu et al., 2005; Wang, 2008). Taipei Basin is composed of thick,
unconsolidated sediments, and four young sedimentary formations lie atop the Tertiary
basement rock, dipping toward the Sanchiao fault: gravel-rich Banchiao (400 ka), sandand-silt Wuku (250 ka), gravel-rich Chingmei (100 ka), and silt-dominated Sungshan
(30 ka) (Teng et al., 1994; Wang et al., 1996; Central Geological Survey, 1999; Wang
et al., 2004). The depth to the Tertiary basement ranges from no more than a few tens of
meters in the southeast to as great as 700 m in the northwest adjacent the Sanchiao fault
(Wang et al., 2004; Shyu et al., 2005; Wang et al., 2011).
Prior to the 1970s, Taipei had few tall buildings, so there were few accounts of
serious damage from regional earthquakes. Taipei has since developed substantially, however, and now hosts hundreds of intermediate to high-rise buildings. Much of the damage
from recent major regional events (e.g., 1986 Hualien, 1999 Chi-Chi, 2002 Hualien, and
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2003 Taitung) has been concentrated in areas of soft soils, and damages have increased
with the construction of taller buildings—despite improved construction practices (Wang
et al., 2011; Chen et al., 2014). Observations show that the predominate frequencies of
strong ground motion in Taipei Basin induced by regional earthquakes are in the range
of 0.5 to 2.0 Hz—of particular concern to high-rise buildings—and numerous authors
have suggested that the preponderance of site effects stem from the unconsolidated, watersaturated sand-and-silt formations at the near-surface (Wen & Peng, 1998; Chen, 2003;
Wang et al., 2004; Huang et al., 2010; Chen et al., 2014).
In 1990, to improve understanding of site response throughout the Taipei metropolitan area and to provide basic ground motion data, the Central Geological Survey (CGS)
and the Institute of Earth Science at Academia Sinica determined to establish the Taipei
Basin Downhole Seismic Network (TBDSN), a basin-wide network of vertical seismic
arrays—each array site with co-located surface and downhole seismic stations. Following
several extensions and reconfigurations, the project has evolved into what is now the
Strong Motion Downhole Array (SMDA) in Taipei Basin (Huang et al., 2010; Wang
et al., 2011). The SMDA reached its current configuration in 2005 and is now comprised
of a total of 32 triggered strong motion accelerometers at eight sites throughout Taipei
Basin (Figure 1). Each of the eight sites is its own independent vertical sub-array, with
one seismometer at the surface and anywhere from two to four additional co-located
downhole seismometers, each in independent boreholes, and at varying depths. Through
2014, the SMDA has recorded over 70 events. Because it is a triggered array, data are
primarily from local and regional events; however, a few strong teleseismic events have
also triggered sites within the SMDA (e.g., 2008 MW 7.9 Wenchuan and 2011 MW 9.1
Tōhoku-oki).
The SMDA is located in prime geophysical real estate for which to enable new
and innovative studies of seismic wave propagation in thick sedimentary basins and urban
areas. The companion paper (Young et al., 2016) broadly discusses the usability of data
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Figure 1. Map of Taipei Basin, sites of the SMDA, CGS geological wells,
and recorded events through February 2014 with regional topography and
bathymetry. Events used in this study (Table 1) are shown with an arrow; the
teleseismic 2008 Wenchuan event is out-of-frame. Taipei Basin is shown in
a zoomed inset with the Sanchiao fault, which bounds it in the northwest,
delineated; its extent is adapted from Shyu et al. (2005).
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from this array, including various recording problems and peculiarities, as well as the
relatively high quality of in situ depth-to-surface recordings it presents when these data
issues are corrected. This paper delves into some notable observations—specifically, nearsurface, site-specific, and frequency-dependent amplification of strong ground motions
from depth to surface—and shows how this unique network of vertical seismic arrays
can be used to examine previously under-appreciated constructive interference within the
very near-surface formations in Taipei Basin. Further, the results of such observations
and study in Taipei Basin may prove useful to understand analogous regions of the world
where cities lie atop basins thick with unconsolidated sediments. With the high-quality
data that such a three-dimensional seismic network provides, avenues for future study are
numerous.
2

Amplification
It is well known that peak ground accelerations are higher within Taipei Basin

than outside (Fletcher & Wen, 2005; Huang et al., 2010; Wang et al., 2011). Site amplification is affected both by the topography of the basement and the distribution of layers
of slow S-wave velocities within the basin sediments. Additionally, it is often suggested
that the very slow (VS <170 m s at the surface), water-saturated Sungshan silts lying at the
surface are the primary contributor to site effects (Wen & Peng, 1998; Chen, 2003; Wang
et al., 2004; Fletcher & Wen, 2005; Huang et al., 2010; Chen et al., 2014). Several authors
have further examined frequency-dependent site effects, the results of which indicate
that VS 30 plays a significant role in near-surface amplification (Lee et al., 2001; Huang
et al., 2007, 2009; Wang et al., 2011). However, preliminary observations at the Central
U.S. Seismic Observatory (CUSSO) in Kentucky of uncommonly-severe frequencydependent amplification of seismic waves from depth to surface beget the question of
whether similar phenomena affect Taipei (McIntyre et al., 2011).
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Table 1. Table of events examined in this study. A sample of 10 events were
chosen that represent the diversity of events recorded by the SMDA during
its time in operation. Because each site within the SMDA is individually
triggered, not all stations are active for every event; sites for which data exists
are marked with an “X.”
Event
yyyy/mm/dd Mag
2004/10/23
2005/12/05
2006/04/24
2014/02/11
2004/10/15
2005/10/15
2006/12/26
2009/07/13
2009/11/05
2008/05/12

2.1

3.7
3.7
3.1
4.3
6.6
6.4
7.0
6.3
5.6
7.9

Domain

BL

Local
Local
Local
Local
Regional
Regional
Regional
Regional
Regional
Teleseismic

X
X
X
X
X
X
X
X
X
X

Responding SMDA Sites
ES MP SC SS TF TU

X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X

YH

X
X

X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

Observations
Analysis of SMDA data from local, regional, and teleseismic events—including

both those with oceanic-to-continental and continental-to-continental raypaths (Table 1
and Figure 1)—illuminate consistent behavior of strong ground motion amplification in
Taipei Basin (Figure 2). Frequency-dependent and site-specific amplification of strong
ground motions from depth to surface have been observed at each of the eight sites of
the SMDA. Figure 2 shows examples of how the nature of site and basin effects may
vary considerably depending on the epicentral distance to each event—local, regional, or
teleseismic.
Teleseismic events show very little amplification from depth-to-surface (Figure 2,
left); observed ground motions at the surface from the 2008 MW 7.9 Wenchuan earthquake
are no more than twice as strong as those at depth—consistent with what is expected from
the interaction of seismic waves with a free-surface (Shearer & Orcutt, 1987). Furthermore, very little modification of frequency content occurs in the waveforms as they pass
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through shallow sediments and are recorded at the SMDA sites. Indeed, the teleseismic
waveforms at depth look very similar to those at the surface; their frequency content is
nearly identical. It is probable that, with wavelengths typically larger than the thickness of
Taipei Basin, seismic waves incoming to Taipei Basin from teleseismic events are simply
too low in frequency to sample or excite the sediments within the basin.
The behavior of seismic waves from teleseismic sources contrasts sharply with
those from regional and local sources, however. Ground motions from both regional
and local sources gain higher frequency content as they approach the surface. In some
cases, so much high-frequency excitation will have occurred that, without extensive
filtering, specific phase arrivals in the waveforms near the surface are nigh unrecognizable
compared to waveforms recorded just a dozen meters downhole at the same site (Figure 2,
middle). Amplification of seismic waves is also substantially greater for regional and local
events than for teleseismic events. Though the amplitudes of strong ground motion at the
surface are no more than double that at depth for teleseismic events, for regional events
amplification is often by a factor of five or more. Amplification is yet more severe for
local events—ground motions frequently amplify by an order of magnitude from depth to
surface (Figure 2, right).
To better understand site effects, Lee et al. (2001) classified 708 strong motion
sites in Taiwan from surficial geology in a scheme compatible with the the U.S. 1997
Uniform Building Code (UBC). The UBC defines standard criteria for classifying sites
into five categories—A through E—ranging from hard rock to soft soils based on the
average shear wave velocity over 30 m depth—that is, VS 30. Using well log data, Huang
et al. (2007, 2009) and Wang et al. (2011) re-examined and re-classified numerous sites
in Taipei Basin and further improved understanding of site effects by evaluating site
amplifications as a function of frequency based on the methods of Joyner et al. (1981)
and Boore & Joyner (1997). The results of these analyses show amplification of peak
horizontal accelerations greater than 1 across the board, increasing with frequency, and
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Figure 2. Example showing frequency-dependent amplification and different
behaviors of high-frequency excitation from depth to surface for a telseismic,
regional, and local event. The small captions inside the figures indicate
the SMDA site name and station depth. Major seismic phases apparent
in the waveforms are delineated. All waveforms are nominally transversecomponent; azimuthal orientations of borehole stations are derived by Young
et al. (2016). Teleseismic events exhibit little to no amplification or highfrequency excitation; regional events, moderate amplification and great
high-frequency excitation; and local events, considerable amplification and
high-frequency excitation.
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plateauing at a maximum factor of 7 for the softest soils, slowest VS 30, and frequencies
greater than or equal to 20 Hz. While these amplification values seem reasonable for
teleseismic and regional events recorded by the SMDA in Taipei Basin, the extreme
amplifications seen for local events dwarf even their topmost bounds (Figure 2, right).
To explain the nature and origin of some of the very large amplifications recorded
by the SMDA, it is prudent to learn how—in a qualitative sense—seismic waves are
amplifying as they travel from the bedrock at depth through the thick sediments to the surface of Taipei Basin. To this end, a simple look at the many events recorded by the SMDA
shows that the preponderance of amplification occurs at the very near-surface—just
the top few tens of meters (Figure 3). Further examination reveals that the near-surface
amplification is not broad-spectrum but rather is quite strongly frequency-dependent. At
each site, specific, very narrow frequency bands amplify quite significantly, and each
band does so starting at specific depths. As a rule of thumb, lower frequencies (i.e.,
longer wavelengths) begin to amplify deeper in the basin, while the depths that higher
frequencies (i.e., shorter wavelengths) begin to amplify are shallower. Assuming that
shear wave velocities in Taipei Basin monotonically increase with depth—consistent with
accepted basin models and well log evidence (e.g., Wang et al., 2004; Central Geological
Survey, 2005)—and that amplification in Taipei Basin is due to the slower shear wave
velocities encountered at the near-surface, it is reasonable to assume that higher frequencies should amplify at shallower depths because their shorter wavelengths sample thinner,
shallower, and slower velocity layers. However, such assumptions naturally lead to the
result that amplification of peak horizontal accelerations should increase with frequency
(Huang et al., 2007, 2009; Wang et al., 2011); but SMDA data show little evidence of
such an effect. No such obvious relationship between the strength of amplification and the
frequency of incoming seismic waves can be seen in the SMDA data.
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Figure 3. An example of frequency-dependent, near-surface amplification
at SMDA site TU. Amplification of seismic waves from depth-to-surface
is not broad-spectrum, but rather is limited to specific, narrow frequency
bands. These frequency bands are consistent across all events and vary from
site to site. In this particular example of a regional ML 6.3 recorded on
2009/07/13 at SMDA site TU, the largest amplification occurs at a frequency
of approximately 0.7 Hz, while several more narrow bands amplify at the
very near-surface. All waveforms shown are of the transverse-component.
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2.2

Site & Frequency Dependence
Given a co-located surface–borehole station pair, perhaps the simplest way to

analyze how seismic waves amplify and attenuate as they propagate vertically through
Taipei Basin is to calculate the transfer functions between the stations at depth and at the
surface at each site. Abstractly, “transfer functions” are simply filters that act upon an
input signal to produce an output signal; they describe how each constituent frequency in
an input signal is amplified or attenuated to produce the output signal. In seismology, they
are typically employed in discussions of instrument or earth response—in the latter case,
they are often used to approximate the response of sediments by comparing spectrums
of two stations with very similar source-to-receiver raypaths, but where one station is
installed in bedrock and one in sediment (e.g., Langston, 2011). In the case of this paper,
a “transfer function” is determined merely from the division of the power spectrum of one
component of a surface station with its downhole counterpart. Because all instruments at
any particular SMDA site are of identical model and configuration, this division should,
in effect, remove any instrument response in the data. Also, because the stations at each
site are co-located and incoming seismic waves are nearly vertically-incident, for any
given event, raypaths between the earthquake source and each SMDA receiver at that site
are approximately identical from the hypocenter all the way up to the deepest borehole
station. Thus, the calculated transfer functions should reasonably represent the sediment
response between each borehole station—they are, essentially, in situ measurements of
amplification and attenuation of ground accelerations as a function of frequency with
depth.
The primary threat to buildings and infrastructure, as well as the largest amplification, occurs with horizontally-polarized waves. P-waves are not seen to amplify with
the same severity as S-waves in Taipei Basin, probably due to the higher velocities and
smaller velocity gradients at the near-surface compared to S-waves. Therefore, this study
focuses on the amplification of S-waves. Because the very slow seismic velocities in
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Taipei Basin cause ray paths to bend sharply to near-vertical, it is a fair assumption that
the preponderance of direct P-wave energy will be along the vertical axis, while S-wave
energy will be concentrated on the two horizontal axes of seismometers in Taipei Basin.
To isolate S-wave energy from that of P-waves, one typically chooses to rotate the seismic
data to the radial and transverse directions and focus on the transverse, where P-wave
energy is at a minimum. However, nearly vertically-incident raypaths complicate the
directivity of P-waves (Fletcher & Wen, 2005), and the orientation issues presented in
the companion paper (Young et al., 2016) further make this an unexpectedly difficult
endeavor. To work around this problem, a “horizontal component,” or “H-component,” is
defined in the frequency domain as the sum of the power spectra of both horizontal components. This ensures that S-wave energy on both the radial and transverse components—
even if the exact orientation of those two components is uncertain—is captured. Because
of the near-vertical raypaths of seismic waves incident to Taipei Basin, the largest contribution of energy on the H-component will be from the S-waves, while a relatively smaller
amount will be from P–SV conversions and P-wave scatter.
To measure the site and frequency dependence of amplifications in Taipei Basin,
H-component transfer functions are calculated between the deepest station at each SMDA
site with its co-located counterpart on the surface. The spectra of seismic waves at any
particular station may vary significantly from event-to-event due to any number of earthquake source parameters, including magnitude, hypocentral location, moment tensor, and
the source time function. For this reason, H-component transfer functions are calculated
at each site for not just one, but many events and superimposed to show repeating patterns
(Figure 4). Where transfer functions show consistent peaks across events of different
magnitudes, backazimuths, depths, and focal mechanisms, represent frequencies at which
lateral strong ground motions are consistently amplifying from depth to surface.
Excessively high peaks at the higher frequencies in Figure 4 are more likely an
artifact than any indication of real geophysical structure, however. Transfer functions from
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Figure 4. H-component transfer functions were calculated from the deepest
station to the surface at each SMDA site; peaks indicate amplification
from depth to surface. Transfer functions from a variety of local, regional,
and teleseismic events, as well as events with oceanic-to-continental and
continental-to-continental ray paths, were plotted (gray) and a moving average
of the mean over all events was taken (black). The small captions inside the
figures indicate the SMDA site name and estimated thickness of the Sungshan
silts at that site. Site-specific “dominant frequencies” are interpreted to be the
natural frequency within the Sungshan silts and are denoted by f 0 . Assuming
a simple layer over a half-space model, theoretical higher modes of resonance
are denoted by f 1, f 2, . . . , f n . All transfer functions were normalized about
the site-specific dominant frequencies.
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myriad events (Table 1) were superimposed, not all of which have overlapping, broadband
frequency content. For example, little to no seismic energy can be seen above 5 Hz at site
TU for a regional ML 6.3 in Figure 3. In this case, the calculated H-component transfer
function would “explode” above 5 Hz as we essentially divide noise with noise. Further,
Taipei Basin is densely populated, and as such SMDA data are often very noisy. The
amplitude of noise increases as one approaches the surface, and sources of anthropogenic
noise may drown out very high frequency seismic signal. At lower frequencies, however, where seismic signals are more coherent from depth to surface and anthropogenic
noise is less likely to be a factor, very clear and consistent peaks are seen. These peaks,
hereafter referred to as “dominant frequencies,” are named so due to the fact that they
are consistent—present regardless of different event parameters—and therefore likely to
be indicative of some local structure and the sediment response between the co-located
stations. These so-called “dominant frequencies,” denoted in Figure 4 by f 0 , are sitespecific, and appear to be inversely related to the the estimated thickness of the sediments.
As it turns out, they specifically appear to be inversely related to, and likely represent,
the natural frequency of resonance within the Sungshan silts. Expected frequencies for
theoretical higher modes of resonance are denoted by f 1, f 2, . . . , f n ; the fact that these
denoted frequencies often only weakly correlate with observed peaks in amplification
is indicative of complicated structure within the topmost layers of the sediment—the
Sungshan silts.
3

Dominant Frequencies
Several attempts to model site effects reinforce that amplification is largely due to

the very slow seismic velocities within Taipei Basin, and that, in general, amplification
increases with frequency (Huang et al., 2007, 2009; Wang et al., 2011). A precursory
examination of power spectrums from depth to surface at each SMDA site reveals strong
frequency-dependence (Figure 3). However, contrary to the afore-mentioned modeling

50

results, a simple relationship between amplification and frequency is not observed in the
SMDA data; indeed, the relationship between site amplifications and frequency appears
to be complex. This complexity becomes especially apparent when H-component transfer
functions are calculated between the surface and the deepest borehole station at each site
(Figure 4). The preponderance of amplification is limited to numerous specific, narrow
frequency bands; and of these bands, clear “dominant frequencies” present themselves.
These dominant frequencies are consistent across all manner of event parameters (local,
regional, and teleseismic events; shallow and deep events; continental-to-continental
and oceanic-to-continental raypaths), suggesting a local origin. Additionally, though the
frequencies are site-specific, they vary only slightly among all sites in the basin (with
exception to site ES, which is located on the fringes of Taipei Basin, at Academia Sinica,
where the bedrock is at a depth of only about 10 m). This suggests an origin that varies
little between all sites in the SMDA. Lastly, the dominant frequencies have an inverse
relationship with the estimated thickness of the underlying sediments—thicker sediments,
lower dominant frequency; thinner sediments, higher dominant frequency. At all SMDA
sites, the deepest borehole extends beneath the Sungshan silts; thus, amplifications due
to this near-surface formation should be captured in the data. These observations lead
to the hypothesis that seismic waves are constructively interfering at the near-surface—
probably between two major velocity contrasts (e.g., the base of the Sungshan silts and the
free-surface)—and the observed amplification peaks would thus be the result of resonance
within this near-surface formation.
3.1

Constructive Interference
We assume constructive interference of seismic waves at the near-surface, with

the surface and the base of a low S-wave velocity layer—presumably the Sungshan silts,
which are widely thought to carry the burden of site effects in the basin—forming a
waveguide. Because the vertical expanse of all SMDA sites extends beneath the base
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of the Sungshan silts, these data are well-suited to capture amplification occurring within
this formation. The sharp, frequency-dependent peaks in amplification observed in the
H-component transfer functions (Figure 4) are hypothesized to be resonant frequencies of
the near-surface waveguide(s), or higher modes of the “dominant frequency” that manifest
between approximately 0.5 to 2 Hz throughout the basin (with exception to SMDA site ES,
which, as mentioned prior, is located at the very edge of Taipei Basin).
For shear waves in a waveguide over a half-space, constructive interference—
essentially, standing waves—occurs where the waveguide thickness is equal to one quarter
the wavelength of the shear waves (Nakamura, 2000; Carniel et al., 2006; Puryear &
Castagna, 2008; van Der Baan, 2009). Assuming constructive interference is occurring
and manifesting itself as sharp, frequency-dependent peaks in depth-to-surface amplification, the thickness of the waveguide is described by
fk =

2k + 1 vs
,
4 h

(1)

where f k is the k th mode of resonance of seismic waves in a waveguide of thickness, h,
and shear wave velocity, vs .
With this relationship between frequency, velocity, and waveguide thickness, the
matter at hand—whether the observed “dominant frequencies” are caused by near-surface
constructive interference—can be tested. The dominant frequencies, f 0 , are site-specific
and consistent across all events (Figure 4). That is, they do not change from event to
event; they are a constant—intrinsic to each site. Shear wave velocities—specifically,
the speed of vertical propagation of seismic energy around the dominant frequencies—
are essentially directly measured, in situ, from the two topmost stations at each SMDA
site, for each event (Table 2). The velocities, vs , are calculated given the direct S-wave
arrival times—picked by hand—and the known installation depths of each station (e.g.,
Figure 5). Measured velocities vary from event to event and are additionally subject to
human error in the S-wave picks, but given sufficient data points, an average vertical
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Figure 5. An example of seismic velocity increasing with depth at site SS
for a local ML 3.1 event on 2006/04/24. All waveforms shown are from the
N-component. Orientations are determined follow Young et al. (2016). Three
velocities are observed for the first-arriving upgoing S-wave: 182 m/s (SS1),
319 m/s (SS3), and 494 m/s (CM). These velocities, and the depths at which
they’re observed, are consistent with the top of the Sungshan silts, the base
of the Sungshan silts, and the Chingmei gravels, as defined by Wang et al.
(2004), respectively.

shear wave velocity between stations of different depths at each site can be established
(Figure 6). Lastly, with frequency and velocity data, estimated waveguide thickness, h,
can be calculated.
3.2

Waveguide Thickness
By Equation 1, waveguide thickness is calculated at each site and for each event.

Prior studies (e.g., Wang et al., 2004) have established the upper and lower bounds of
shear wave velocity for the Sungshan silts (340 m/s and 170 m/s, respectively), and curves
representing these bounds are superimposed on top of the waveguide thickness scatterdata
as a reference (Figure 6). The average velocity—that is, the velocity that corresponds to
the curve that best fits the data—is calculated to be 232 m/s.
The calculated average shear wave velocity is highly consistent with what would
be expected for the average velocity of the Sungshan silt formation. Additionally, that
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Figure 6. “Dominant frequency” vs. waveguide thickness throughout Taipei
Basin. Waveguide thickness is computed by Equation 1, given a shear wave
velocity and frequency. Dominant frequencies are site-specific and constant
(Figure 4), while shear wave velocity is measured in situ from the borehole
seismograms. Each datum represents a measurement from a different event
(Table 2). Scatter in the data is caused by uncertainty in the S-wave arrival
time picks from event to event. The upper and lower bounds indicate the
theoretical relationship between the natural frequency and the thickness of
the Sungshan silts given the maximum and minimum velocities of the silts,
by Wang et al. (2004), respectively. The solid black line shows a least-squares
fit of the data.
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Table 2. Approximate velocity (m/s) of first-arriving S-waves observed
around the dominant frequencies. Because each site within the SMDA is
individually triggered, not all stations are active for every event; sites for
which there are a lack of data are marked with, “N/A.” When hand-picking
S-wave arrival times, a typical XPick-style weighting from 0–4 was used, with
“0” indicating the most confidence, and “4” indicating the least confidence.
Measurements with poor pick confidence were excluded and marked with a
dash.
Event
yyyy/mm/dd ML

Domain

BL

ES

2004/10/23
2005/12/05
2006/04/24
2014/02/11
2004/10/15
2005/10/15
2006/12/26
2009/07/13
2009/11/05

Local
Local
Local
Local
Regional
Regional
Regional
Regional
Regional

193
222
219
–
245
–
–
253
105

200
– 194
N/A 231
– 208
N/A 222
N/A 200
237 273
233 224
289 200

3.7
3.7
3.1
4.3
6.6
6.4
7.0
6.3
5.6

N/A

SMDA Sites
MP SC SS TF
N/A
N/A
N/A

204
N/A
N/A
N/A

419
192

N/A

182
200
N/A
N/A

–
–
–
–

TU

YH

190 303
182 174 294
N/A

N/A

–
231

N/A

N/A

247 333
333 263
N/A
–
–
200 –
–
–
–
–
–
– 384

the shear wave velocity measured at each site, for each event, and around the dominant
frequencies, fits neatly between the upper and lower bounds shows that seismic waves
around the dominant frequencies are traveling at velocities consistent with the widely
agreed-upon shear wave velocities of the Sungshan silts. In other words, the observed
dominant frequencies in Taipei Basin are related to the Sungshan silts—this may seem a
bit tautological, but it allows the question to follow, “How are the Sungshan silts related to
the dominant frequencies?” The dominant frequencies are a function of the thickness of
the Sungshan silts. More specifically, since the Sungshan silts are the topmost formation
lying atop Taipei Basin, the thickness of the Sungshan silts is equivalent to the depth to
the base of the Sungshan silts. Hence, the dominant frequencies are a function of the
depth to the base of the Sungshan silts. By Equation 1, those dominant frequencies correspond to the fundamental mode of resonance within the Sungshan silts due to quarterwavelength constructive interference.
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A quick check is useful to ensure that the determined empirical relationship
between observed dominant frequencies in Taipei Basin and depth to the base of the
Sungshan silts (Figure 6) is reasonable. One such check is provided by geological well
logs, taken by the Central Geological Survey (CGS), that mottle Taipei Basin (Figure 1).
None of the CGS wells are co-located with SMDA sites, but some are adjacent. Also,
though the geological well logs do not expressly delineate the major formations frequently
referred to in the literature—Sungshan, Chingmei, Banchiao, and Wuku—the boundaries
of these formations can be inferred from what is known about their compositions. At CGS
site SS-01, for instance, we interpret the base of the Sungshan silts to be at approximately
52.3 m depth (Central Geological Survey, 2005). Because CGS site SS-01 is located
just 0.9 km to the west of SMDA site MP, it would be expected that the depth to the base
of the silts should be similar at both locations. This is, in fact, exactly what the data in
Figure 6 shows—given a dominant frequency of approximately 1.1 Hz, the predicted
depth to the base of the Sungshan silts at SMDA site MP is roughly 52 m.
The results in Figure 6, calculated by Equation 1, shows a simple empirical relationship between the observed dominant frequencies and depth to the base of the Sungshan silts. This relationship can be used to supplement existing data on the topography of
the base of the Sungshan silt formation. As an example, the estimated depths to the base
of the Sungshan silts, shown in the corner of each plot in Figure 4, are calculated using
this relationship. These values match the widely-accepted model by Wang et al. (2004, fig.
7), which was determined using several geologic well logs and sparse seismic reflection
lines.
By supplementing prior models with new data, we can improve our resolution of
the base of the Sungshan silts. A new map of the topography of the base of the Sungshan
silts in Taipei Basin is produced by utilizing the seismic data from the SMDA in conjunction with CGS well logs (Figure 7). This new map not only provides a better image of the
silt thickness, but because of the established relationship between waveguide thickness
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and dominant frequency, it becomes possible to infer dominant frequency from the depth
to the base of the silts. The opposite is also true—depth to the base of the Sungshan silts
can be inferred from seismic observations of dominant frequencies. The contours in
Figure 7 show the spatial distribution of dominant frequencies in Taipei Basin.
Both the map in Figure 7 and the empirical relationship shown in Figure 6 are
predicated on the assumption that the observed dominant frequencies are due to quarterwavelength constructive interfere within the Sungshan silts. To give further credence to
this hypothesis, a bit of analytical modeling should be done.
4

Modeling
Though the empirical evidence detailed thus far is consistent with the notion that

the observed strong near-surface amplification of shear waves in Taipei Basin, along with
consistent dominant frequencies, is due to quarter-wavelength constructive interference
between the base of the silts and the free surface, there remains inconsistency between
the theorized and observed higher modes ( f 1, f 2, . . . , f n ). Equation 1 assumes a simple
low-velocity layer sandwiched between the free surface and a homogeneous half-space,
and higher modes of resonance are expected at factors of 2k + 1 times the natural frequency,
f 0 , but these higher modes are not supported by the data (Figure 4). It is therefore prudent
to prepare a more realistic basin model—with which synthetic H-component transfer
functions can be calculated—to examine whether this discrepancy between the expected
frequencies of higher modes and the observations arises primarily due to complications in
the near-surface structure or whether there are some other effects.
4.1

1D Layer Model
A simple 1D layer model is constructed at SMDA site MP. Well logs from the

Central Geological Survey give reliable constraints for depth to the various sedimentary
formations in Taipei Basin, while seismic velocities, density, and Q-factor are concatenated from multiple sources, including the standard 1D Taiwan model used by the Central
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Figure 7. Map of Taipei Basin with locations of SMDA sites and CGS
boreholes. The depth to the base of the Sungshan silts is denoted by color,
and contour lines show estimated dominant frequencies. Depth to the base
of the Sungshan silts was estimated using observations from CGS well logs
and supplemented with seismic data from the SMDA following Equation 1.
Dominant frequency contours were then drawn following the relationship in
Figure 6.
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Weather Bureau for routine earthquake location. All of these parameters are necessary for
downward continuation of the P–SV wavefield (Langston, 2011), which is used to validate
the accuracy of the constructed model.
In Taipei Basin, Quaternary sediments overlie Tertiary basement rock. The sediments are composed of four formations: gravel-rich Banchiao (400 ka), sand-and-silt
Wuku (250 ka), gravel-rich Chingmei (100 ka), and silt-dominated Sungshan (30 ka)
(Wang-Lee & Lin, 1987; Teng et al., 1994; Central Geological Survey, 1999). A general
velocity model of these structures has been explored by Wang et al. (1996) and Wen &
Peng (1998), and the most recent revision is by Wang et al. (2004). These authors detail
the estimated P- and S-wave velocities for each of the four formations in Taipei Basin, and
they provide for a basic 3D structure using several geological and geophysical methods,
including well logs and refraction surveys.
The exact depth to the base of each of these major sedimentary formations is interpreted from well logs available from the CGS “metropolitan geological drilling” database
(Central Geological Survey, 2005). The CGS well site, “SS-01,” lies approximately
0.9 km to the west of SMDA site MP, on the periphery of the Taipei Songshan airport.
Geological well logs at this site indicate Sungshan silts lying atop very thin Chingmei
gravels. The Chingmei gravels appear to lie directly atop the Tertiary basement rock; no
transition from gravels (Chingmei) to sand-silt (Wuku), nor a second transition from sandsilt (Wuku) to gravel (Banchiao), is observed at site SS-01. The estimated geologic profile
at site SS-01 is shown in Table 3.
A density model at site SS-01 is estimated from a nearby borehole location where
density measurements were taken at approximately 1.5 m intervals (Huang et al., 2009).
At borehole site 09, shear wave velocity measurements are consistent with the observations from the SS-01 well log, showing thick Sungshan silts underlain by a thin layer of
Chingmei gravels lying atop the Tertiary basement (Huang et al., 2009, fig. 2a). This
velocity and density profile is indicative of class D sites in Taipei Basin (Lee et al., 2001),
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Table 3. Identified layer boundaries at CGS Site SS-01. A slightly thickened
formation of three layers of Sungshan silts overlies an anomalously thin
Chingmei formation. By Wang et al. (2004), the Chingmei gravels are
expected to extend to a depth of at least 100 m; however, at this site, the
Chingmei layer terminates against the Tertiary basement rock at a shallow
depth. The sand-silt Wuku and gravel-rich Banchiao layers are not found in
this well log (Central Geological Survey, 2005).
Formation

Depth (m)

Sungshan
(silt)

0.0 – 12.3
12.3 – 32.6
32.6 – 50.0

Chingmei
(gravel)

50.0 – 57.3

Tertiary
basement

57.3 – ?

which are classified as stiff engineering soils with a shear wave velocity over the topmost
30 m of sediment (VS 30) between 180 and 360 m/s. Borehole site SS-01 is both nearby
site 09 and, by the velocity model determined by Wang et al. (2004), is also a class D
site. Thus, in situ density measurements at site 09 allow for a rough approximation of the
average densities of the Sungshan silts and Chingmei gravels.
At site 09, the approximate average densities of the Sungshan silts and Chingmei
gravels appear to be 1.625 g/cm3 and 1.9 g/cm3 , respectively. The sudden jump in shear
wave velocity at the base of site 09 profile may indicate that the borehole has reached the
top of the Tertiary basement rock. The average shear wave velocity of the basement is
estimated to be about 1.5 km/s.
Huang et al. (2009) cites gravity and tomography studies (Tzou & Yu, 1987; Ma
et al., 1996) showing approximate densities of 2.45 g/cm3 in the range of 400 to 1600 m
beneath the Tatun Volcano Group (TVG), immediately to the northeast of the basin and
suggests the strata beneath the TVG are similar to those under Taipei Basin. Thus, an
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average density of 2.45 g/cm3 is used for the Tertiary basement. This is fairly consistent
with what we expect from the shear wave velocity and density profile at site 09.
Below the Tertiary basement, a regional average 1D velocity model for Taiwan
was used (Shin & Chen, 1998). This same 1D layer model for Taiwan is used by the
Central Weather Bureau for routine event locations (Wu et al., 2007). For those layers
assumed by the Taiwan 1D average model, density is defined by an empirical relationship
between velocity and density. Most implementations of a 1D average model for Taiwan
in the literature use a simple linear relationship (McCulloh, 1960; Stidham et al., 2001;
Lee et al., 2008), but here we use a cubic relationship (Equation 2) developed specifically
for the Taiwan region by Zhang et al. (2004) to a depth of 35 km because it is consistent
with a detailed gravity study by Yen & Yeh (1998). Further, the Moho is defined as the
7.8 km/s isovelocity surface in regional tomographic studies (Lee et al., 2008), which is
shown by Kim et al. (2005) to be at approximately 35 km depth in the Western Foothills
of Taiwan.
ρ = 1.5325 + 0.3148 VP − 0.0384 VP2 + 0.0032 VP3

(2)

The near-surface basin model and the Taiwan average model operate at two completely different spatial resolutions—the former, measured in meters; the latter, in kilometers. These two models are stitched together by arbitrarily picking a transition at a depth
of 1 km. This is reasonably consistent with the “buffer layer” beneath Taipei Basin in a
model proposed by Lee et al. (2008). Furthermore, the density of this transitional layer
is chosen to be 2.45 g/cm3 so that density monotonically increases from surface to depth,
ensuring that there is no low density zone beneath the Tertiary basement. Therefore, the
transition from the shallow basin model’s fastest P-wave velocity (3 km/s at 720 m depth)
to the Taiwan 1D average model’s slowest velocity (3.9 km/s at “zero” depth) is defined to
occur at 1 km depth.
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Table 4. 1D Model for SMDA Site MP. P- and S-wave velocities, VP and VS ,
respectively, are in units of km/s. Density, ρ, is in units of kg/m3 . General
values for seismic Q are used, differentiating between Taipei Basin (≤57.3 m
at site MP) and the bedrock and crust beneath.
Depth
0.0 – 12.3 m
12.3 – 32.6 m
32.6 – 50.0 m
50.0 – 57.3 m
57.3 – 1000 m
1–2
2–4
4–6
6–9
9 – 13
13 – 17
17 – 21
21 – 25
25 – 30
30 – 35
35 – 36
36 –

km
km
km
km
km
km
km
km
km
km
km
km

VP

VS

ρ

QP

QS

0.45
1.50
1.60
1.80
3.00

0.17
0.23
0.34
0.45
1.50

1625
1625
1625
1900
2450

200
200
200
200
500

100
100
100
100
250

3.90
4.64
5.17
5.22
5.64
6.02
6.30
6.58
6.74
7.11
7.52
7.80

2.09
2.64
3.01
3.05
3.30
3.48
3.62
3.78
3.87
4.09
4.32
4.50

2450
2486
2576
2585
2661
2734
2792
2853
2890
2980
3089
3170

500
500
500
500
500
500
500
500
500
500
500
500

250
250
250
250
250
250
250
250
250
250
250
250

Finally, quality factors for P- and S-waves, Q P and Q S , are arbitrarily chosen to
be 200 and 100, respectively, for the sediments of Taipei Basin, and 500 and 250 for the
basement and deeper crust. The final 1D model for SMDA site MP is detailed in Table 4.
4.2

Synthetic Test
The accuracy of the proposed 1D model for SMDA site MP is tested by downward-

continuing the free-surface displacements of the P–SV wavefield at SMDA site MP to
each depth at which co-located borehole stations are installed. The theory and derivation
of downward-continuation is fully described in Langston (2011), but in brief, it builds
on the methods by Kennett (1991) to decompose the P–SV wavefield into its incident
upgoing and downgoing constituents and calculates the cumulative plane-wave propagator
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matrix (Haskell, 1962) from the free surface to the depth of downward-continuation to
determine displacement at a virtual station at depth. This method relies on an accurate
velocity and density profile of the real earth to be useful. This, of course, also assumes
that seismic structure that can be approximated by a series of plane layers—probably a
safe assumption for any single SMDA site, where the largest vertical separation between
two stations is 170 m (from TU050 to TU220).
Azimuthal orientations of the borehole stations at site MP are determined following Young et al. (2016), and recorded surface displacements are downward-continued
and compared to the actual in situ observations at each depth. Figure 8 shows the radialcomponent displacements recorded at surface station MP000 downward-continued to
depths of 30, 50, and 100 m and superimposed on top of the recorded data at these depths.
The radial component is used, here, because we are primarily concerned about the behavior of S-waves—specifically, those S-waves around each site’s dominant frequencies
(Figure 4)—as they propagate from depth to surface. The excellent match between the
downward-continued data and the observed data at all depths, ranging from the freesurface (0 m) to bedrock (100 m) suggests that the proposed 1D model (Table 4) is a
reasonably accurate representation of near-surface seismic structure at site MP in Taipei
Basin. However, the slight mismatch between observed and downward-continued waveforms at station MP100 indicates that our model (Table 4) is overestimating velocity
between 50 to 100 m depth—this results in the upgoing S-wave arriving later and the
downgoing S-wave arriving earlier on the synthetic seismogram versus the observed data.
An unintended consequence of these results expands on the usefulness of the
downward-continuation method introduced by Langston (2011). Originally developed for
teleseismic waves to estimate the displacements deep below thick sedimentary basins—
thus removing the strong reverberation effects of the basin—these results show that the
method works equally well with local events to estimate displacements at shallow depths
within sediments.
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Figure 8. Recorded waveforms vs. downward-continued waveforms at SMDA
site MP for a local ML 3.1 event on 2006/04/24. All waveforms are radialcomponent. At 100 m depth, station MP100 has reached the bedrock. The
striking similarity between in situ observations and modeled data suggests
that the simple 1D velocity model shown in Table 4 is reasonably accurate.
The slight mismatch between observed and downward-continued waveforms
on station MP100 indicate that our model is overestimating velocity between
50 to 100 m depth.
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With confidence in the 1D layer model for site MP, a simple 1 s Gaussian time
function (i.e., an impulse) is propagated vertically from depth to the surface (Haskell,
1962; Langston, 2011), and radial transfer functions are calculated between the station
at 50 m depth (near the base of the Sungshan silts) and the surface. This exercise is then
repeated with a modified layer model where the Sungshan silts have been removed—
replaced simply with a thicker Chingmei gravel layer. These synthetic radial transfer
functions—modeling near-surface amplification both with and without the Sungshan
silts—are then compared with the radial transfer functions calculated from the actual
in situ measurements at site MP. The results, shown in Figure 9, are clear: the synthetic
transfer functions calculated from the model with the Sungshan silts roughly match the
observations—when the Sungshan silts are removed, they match no more. The “dominant
frequency” between 1 and 2 Hz at site MP arises due to the presence of the Sungshan silts,
and higher modes in the observations are illuminated by the synthetic data.
5

Results & Discussion
Taipei Basin is composed of thick, unconsolidated sediments whose thickness

ranges from no more than a few tens of meters in the east to as great as 700 m in the
northwest—where the basin terminates against the Sanchiao fault. These sediments are
comprised of four young formations that lie above the Tertiary basement rock: gravel-rich
Banchiao (400 ka), sand-and-silt Wuku (250 ka), gravel-rich Chingmei (100 ka), and siltdominated Sungshan (30 ka). It is the top-most formation—the Sungshan silts—that are
widely thought to control site effects in the basin.
We use the Strong Motion Downhole Array (SMDA) to examine observed nearsurface, site-specific, and frequency-dependent amplification of seismic strong ground
motions. Amplification of seismic strong ground motions is seen to exhibit different
behavior depending on the hypocentral distance to each event (Figure 2), occur primarily
near the surface (Figure 3), and occur predominantly around very narrow, site-specific
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Figure 9. Radial-component transfer functions at site MP for a local ML 3.1
event on 2006/04/24. An impulse was propagated through a 1D velocity
model (Table 4) to generate synthetic transfer functions from the deepest
station to the surface, both with (top) and without (bottom) the Sungshan silt
layers. The in situ observed data (middle) only match the synthetic model
with the silts. An initial “dominant frequency,” as well as higher modes of
resonance, can be seen both in the observed data and the synthetic with the
silts.
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frequency bands (Figure 3). Contrary to prior assumptions, there is no evidence that
amplification increases monotonically as a function of frequency.
Transfer functions are used to better understand amplification of incoming seismic
waves—specifically S-waves—in the frequency domain. Within Taipei Basin, S-waves
experience much larger amplifications than P-waves (Figure 3). Additionally, the slow
seismic velocities in Taipei Basin cause the incidence of seismic waves to approach nearvertical, polarizing most P-wave energy to the vertical axis and most S-wave energy to
the horizontal axes. For these reasons, we specifically focus on amplification of S-waves,
rather than P-waves.
Because of uncertainty in the azimuthal orientations of the SMDA borehole
seismometers (Young et al., 2016), as well as directivity peculiarities (Fletcher & Wen,
2005), rather than examining each horizontal component independently—radial and
transverse—a so-called “H-component” is defined in the frequency domain by the sum
of both horizontal component power spectra. This assures that, regardless of azimuthal
orientations of the borehole seismometers, nearly all S-wave energy is captured in the
transfer functions; some P–SV conversions, as well as scattering, will also be a part of
the H-components, however. Transfer functions are calculated by the spectral division
of the H-components from the surface station and the deepest downhole counterpart at
each site. This process is repeated for every event at each SMDA site, and the results are
superimposed on top of each other to accentuate repeating patterns (Figure 4). These
H-component transfer functions essentially act as in-situ measurements of frequencydependent amplification within the shallow sediments between the borehole stations and
the surface; peaks in the transfer functions indicate amplification from depth to surface as
a function of frequency. Where transfer functions show consistent peaks across events of
different magnitudes, backazimuths, depths, and focal mechanisms represents consistent
amplifying of lateral strong ground motions from depth to surface. This consistency is
suggestive of a local origin (i.e., shallow stratigraphy or effects).
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5.1

Empirical Results
Each site within the SMDA exhibits a site-specific “dominant-frequency,” so-

named due to its prominence and consistence across myriad seismic events (Figure 4). At
each site, S-waves around these dominant frequencies amplify strongly and consistently
from depth to surface. That these features vary only slightly from site to site and across
all events is suggestive of a basin-scale effect—for instance, some sort of structure or
sediment response that exists between co-located stations at every site. Perhaps the most
notable observation is that the dominant frequencies appear to have an inverse relationship
with the thickness of the underlying sediments—thicker sediments, lower dominant
frequency; thinner sediments, higher dominant frequency.
The topmost sedimentary formation in Taipei Basin—the Sungshan silts—is
frequently suggested to cause most site effects and amplification. Because the vertical expanse of each SMDA site extends from beyond the base of the Sungshan silts
to the surface, this dataset is well-suited to test this hypothesis. Equation 1 describes
shear waves propagating through a simple low-velocity layer sandwiched between the
free surface and a homogeneous half-space. In this model the maximum constructive
interference—resonance—occurs when the thickness of the low velocity layer, which acts
as a waveguide, is one quarter of the wavelength of the incoming seismic waves.
The existence of resonance within the Sungshan silts would be expected to manifest itself as both peaks in the frequency spectrum on the surface and peaks in the transfer
functions from depth to the surface. To test whether the dominant frequencies observed
in Figure 4 correspond to such normal modes of resonance, we complete Equation 1 by
taking measurements of shear wave velocity around the dominant frequencies at each site
and for each event. Each measurement of velocity, for each event, ends up as a separate
datum—with some scatter due to uncertainty in S-wave arrival times (Table 2). These
data are plotted in Figure 6 showing the relationship between waveguide thickness and
dominant frequency with upper and lower bounds corresponding to the base and the top
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of the Sungshan silts, respectively. Should the observed data fall outside of these bounds,
it would show that shear waves around the dominant frequencies are traveling outside the
expected velocities of the Sungshan silts. In such a case, the dominant frequencies would
be unlikely related to the Sungshan silts, and our model would be inaccurate. However,
nearly all of the data points fit within the bounds. This demonstrates that S-waves around
the dominant frequencies at each site are traveling at Sungshan silt velocities. The average
measured velocity of S-waves around the dominant frequencies is found to be approximately 232 m/s—precisely in the middle of the velocity bounds as determined by Wang
et al. (2004). This suggests a link between the dominant frequencies and the Sungshan
silts.
Lastly, the predictions of waveguide thickness (i.e., depth to the base of the Sungshan silts) by Equation 1 and Figure 6 are independently verified by utilizing geological
well logs nearby the SMDA sites, as well as by comparing with the model of the base of
the Sungshan silt topography by Wang et al. (2004). In the former case, CGS site SS-01
lies 0.9 km to the west of SMDA site MP. Because of this close proximity, it is assumed
that the strata at site SS-01 are approximately the same as that at site MP. The well log
data at SS-01 shows that the base of the Sungshan silts lies at around 52 m depth (Table 3).
This is consistent with the depth predicted by our model, assuming the average Sungshan
silt velocity. Likewise, the relationship between dominant frequency and waveguide
thickness compares favorably with the depth to the base of the silts by Wang et al. (2004).
5.2

Analytical Results
The accumulated empirical evidence gives confidence to the hypothesis that ob-

served near-surface, site-specific, and frequency-dependent amplification of shear waves
and dominant frequencies stem from quarter-wavelength resonance and constructive
interference within the Sungshan silts. However, to cement this hypothesis as probable,
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it is imperative to recreate the observed patterns of dominant frequencies by analytical
modeling.
A 1D layer model was constructed for SMDA site MP by concatenating data from
several sources—CWB Taiwan 1D average model, CGS site SS-01 logs, and empirical
relationships for density (Table 4). Downward continuation of the P–SV wavefield displacement was performed on data from a local event recorded at the surface of SMDA site
MP. The downward continued surface data were compared at each depth where co-located
borehole stations recorded displacement (30, 50, and 100 m) and showed a remarkable
match, even at 100 m depth where site MP had reached the bedrock underlying Taipei
Basin (Figure 8). This match between downward-continued and in situ recorded data
gives confidence in the accuracy of the constructed 1D layer model as a representation of
the shallow basin structure at SMDA site MP.
Finally, a simple Gaussian time function (i.e., an impulse) was propagated through
the layer model, and radial-component transfer functions were calculated with two layer
models: one with the Sungshan silts, and one without. For the model without the Sungshan silts, rather than extending the Tertiary basement to the surface, the silts were merely
replaced with an extension of the Chingmei gravels—seismically faster than the silts,
but slower than the basement rock—preserving the basic form of Taipei Basin. These
transfer functions were then compared with observed data (Figure 9). The results are
clear—synthetic transfer functions calculated from the model with the silts match the
observed data; when the silts are removed, the synthetic data no longer matches the
observed. Thus, we can conclude that the dominant frequencies observed in the SMDA
data (Figure 4) are reproduced by modeling the P–SV wavefield propagating through
the complex near-surface stratigraphy in Taipei Basin. The Sungshan silts appear to be
vital to the emergence of the observed dominant frequencies. Remarkably, the synthetic
transfer functions also help to illuminate higher modes of resonance in the observed data.
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5.3

Basin Map
A combination of empirical and analytical evidence gives strong credence to the

hypothesis that the observed strong near-surface, site-specific, and frequency-dependent
amplifications, in addition to the dominant frequencies and higher modes thereof, are
mainly due to quarter-wavelength constructive interference within the Sungshan silts. The
base of the Sungshan silts and the free surface act as a waveguide.
An important outcome of these results lies in Figure 6. The CGS well logs and
prior models of the base of the silts confirm that this empirical relationship between
waveguide thickness and dominant frequency is reasonable. With this relationship established, it becomes possible to confidently supplement geologic measurements with
seismic estimates of the base of the Sungshan silts. The topography of the base of the
silts, previously estimated using several geologic well logs and sparse seismic reflection
lines (Wang et al., 2004), can be further constrained by adding waveguide thickness
measurements from the broadband seismometers of the SMDA.
By supplementing prior models with new data, we can improve our resolution of
the base of the Sungshan silts. A new map of the topography of the base of the Sungshan
silts in Taipei Basin is shown Figure 7. This new map provides a higher resolution image
of the silt thickness. The contours in Figure 7 show the spatial distribution of dominant
frequencies in Taipei Basin.
Though broadly showing similar topography as in Wang et al. (2004, fig. 7a),
the results of this study push the base of the Sungshan silts approximately 10 to 20 m
deeper in the east as well as in the deepest part of the basin in the northwest adjacent
the Sanchiao fault. Though the reason for this slight discrepancy between inferred basin
structure is not entirely clear, one clue as to its origins may lie with the methods in which
each study determined the base of the silts. In Wang et al. (2004), those specific areas that
show a shallower base of the silts than in Figure 7 are those where there is a lack of well
log data; in these areas the depth to the base of the Sungshan silts is interpolated from
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seismic reflection lines. However, in this study, these two areas are interpolated from a
combination of both CGS well logs and SMDA seismic data.
5.4

Conclusions
The Strong Motion Downhole Array (SMDA) in Taipei Basin is a unique 3D

array whose data are still relatively unexplored. An exploratory study of the SMDA
is performed. Clear near-surface, site-specific, and frequency-dependent amplification
of seismic strong ground motions is observed. The behavior and severity of this amplification has been found to be directly related to thickness of the topmost sedimentary
formation in Taipei Basin—the silt-dominated Sungshan Formation. The preponderance
of amplification of horizontal ground motions from depth-to-surface within the basin
occurs at the topmost few tens of meters of sediment for S-waves primarily between
approximately 0.5 to 1.5 Hz.
Geological data is used to establish a relationship between amplification of strong
ground motions from depth to surface and the depth to the base of the Sungshan silts,
whose loose, unconsolidated Quaternary sediments lie atop Taipei Basin. Seismic observations are then used to supplement existing geological well logs to produce a higher
resolution map of the thickness of the Sungshan Formation throughout Taipei Basin.
Using the derived empirical relationship between the thickness of the Sungshan silts
and observed dominant frequencies of amplification, contours for the thickness of the
silts are then converted to contours for dominant frequencies. This is a new way to look
at Taipei Basin, and it may be of interest in seismic hazard and earthquake engineering
communities.
The reliability of these empirical findings, which are predicated on the assumption
of quarter-wavelength constructive interference within the Sungshan silts, are justified
by modeling the observed dominant frequencies by propagating an impulse through a
simplified model of Taipei Basin and calculating vertical transfer functions from depth to
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surface. The synthetic model accurately reproduces observed amplification; additionally,
multiple harmonics of resonance that are occasionally challenging to see in the data (but
are nevertheless present) are clearly accentuated in the synthetic models.
This study provides direct empirical validation of several seismological concepts,
including quarter-wavelength constructive interference and downward continuation of the
P–SV wavefield.
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Chapter 3
Potential of Magma Reservoirs Beneath the Tatun Volcano Group
in Northern Taiwan from 3D P- and S-wave Tomography
1

Introduction
Culturally, economically, and geophysically, northern Taiwan is situated in a

dynamic and active region (Figure 1). Just off the coast to the east, the Philippine Sea
plate subducts beneath the eastern margin of the Eurasian plate in the Ryukyu subduction
zone; behind it, extension occurs in a back-arc basin, the Okinawa Trough. To the south,
an oblique collision occurs between the Philippine Sea and Eurasian plates to build some
of the youngest mountains on Earth (Wang et al., 1999; Bird, 2003; Chang et al., 2003;
Shyu et al., 2005; Chen et al., 2010; Smoczyk et al., 2013). This complex tectonic setting
results in northern Taiwan being frequently subjected to strong ground motions from
powerful earthquakes (Bonilla, 1975, 1977; Chen et al., 2002; Chen & Tsai, 2008). It is at
this juncture that we find Taipei Basin.
Home to nearly seven million people, Taipei Basin (and its surrounding peripheries) hosts the city of Taipei—the economic, cultural, and political capital of Taiwan.
Taipei Basin is a large half-graben, triangular in shape and roughly 20 × 15 km in surface
area. It is bounded on the northeast by the Tatun Volcano Group—the focus of this
study—on the west by the Linkou Tablelands, and on the south and east by the Western Foothills of the Central Mountain Range. The basin began to form about 400 ka by
normal displacement along the Sanchiao fault (variously referred to in the literature as,
“Shanchiao,” or “Shangjiao”), which lies to the northwest of the basin and is its terminus.
The thickness of the sediments is as great as 700 m along this down-to-the-east fault (Teng
et al., 1994; Wang et al., 1996; Central Geological Survey, 1999; Teng et al., 2001; Wang
et al., 2004; Shyu et al., 2005; Wang, 2008).
The Tatun Volcano Group (TVG) is located just a few kilometers northeast of
Taipei. Volcanism in northern Taiwan is thought to be related either to the Ryukyu sub-
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Figure 1. Tectonic setting of northern Taiwan. Taipei Basin is bounded
by the Sanchiao fault on the west and the Tatun Volcano Group on the
northeast. The Philippine Sea Plate subducts beneath the Eurasian plate
in the Ryukyu subduction zone offshore to the east. Extension occurs in a
back-arc basin in the Okinawa Trough. Central Taiwan lies in a collision
zone between the Philippine Sea and Eurasian plates, and the direction of
subduction reverses in the south of Taiwan. Figure modified from original by
Komori et al. (2014) under CC BY 4.0 (http://creativecommons.org/
licenses/by/4.0/).
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duction zone to the east, extension due to the opening of the Okinawa Trough behind it, or
some combination of the two (Teng, 1996; Wang et al., 1999). The TVG is comprised of
more than 20 volcanic cones and domes; the most prominent of these is Mt. Chihsing
(Chihsingshan). Eruptive activity at the TVG has been episodic, consisting of three
distinct stages separated by prolonged periods of quiescence: andesitic lava flows between 2.8 to 2.5 Ma; sparse activity producing small andesitic lava flows and pyroclastic
materials between 1.5 to 0.8 Ma; and a major eruptive stage producing large amounts of
andesitic lava between 0.8 to 0.3 Ma (Kim et al., 2005a; Konstantinou et al., 2007). At
around the third episode of eruptive activity, the regional stress regime of northern Taiwan
changed from one of compression, primarily driven by the subduction at the Ryukyu
Trench, to one dominated by extension due to the opening of the Okinawa Trough; this
has led some to conclude that the stark change in eruptive activity beginning at about
0.8 Ma is related to this change in the regional stress environment (Kim et al., 2005c).
Activity seems to have ceased at about 0.2 Ma leading to the traditional conclusion that
the volcanoes of the TVG are now extinct, but recent geological, geophysical, and geochemical studies have suggested otherwise (Kim et al., 2005a,c; Lin et al., 2005; Konstantinou et al., 2007; Rontogianni et al., 2012; Komori et al., 2014). In particular, ash
found within the topmost strata of Taipei Basin has been traced to magmatic bodies,
presumably lying within the TVG, indicating small eruptions as recently as 6 ka (Chen
& Lin, 2002; Belousov et al., 2010). Geochemical and seismic analyses led Konstantinou
et al. (2007) to propose the existence of a magma body at a depth of 7 to 8 km, beneath
the TVG.
The TVG is only a few kilometers northeast of Taipei, and two nuclear power
plants are located on its the north and northeast peripheries along the Taiwan’s coast.
Given the geologic record of lahars, lava flows, and ashfalls (Chen & Lin, 2002; Kim
et al., 2005a; Konstantinou et al., 2007; Belousov et al., 2010), a thorough understanding of contemporary volcanism is paramount. Prior studies of the TVG have included
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geological, geochemical, geophysical, and seismic methodologies. However, among
the many tomographic studies of Taiwan that include a partial discussion of the TVG
region, all have been conducted with lateral blocksizes of approximately 8 × 8 km (Kim
et al., 2005c; Wu et al., 2007b; You et al., 2010; Huang et al., 2014)—appropriate for
large-scale regional tomography, but insufficient to observe the laterally-small anomalies
associated with TVG volcanism. Additionally, station spacing around the TVG has
been inadequate, until recently, to image small and laterally-heterogeneous velocity
anomalies in and around the region. In this paper, tomographic imaging of northern
Taiwan is performed at multiple spatial resolutions to take advantage of modern seismic
network data to investigate both the effects of large and small blocksizes at the nearsurface on tomographic results as well as to infer a relationship between structure at the
near-surface and structure at depth. Events from the Taiwan Central Weather Bureau
catalog from 2002 to 2014 are used. Also unique to this paper, data from the Tatun
Volcano Observatory seismic network are used in the inversion, bringing the number
of stations around the TVG to 10 and station spacing down to 1 to 3 km. Together with
a novel method to create a more accurate initial 3D velocity model, additional stations
situated around the TVG from the Tatun Volcano Observatory seismic network, and an
up-to-date dataset from the Central Weather Bureau, the results shown herein represent
the best tomographic image of shallow seismic structure in north Taiwan and around the
TVG.
2

Data and Methodology
Data used in this study have primarily been contributed by the Taiwan Central

Weather Bureau (CWB). Data from the CWB, which are comprised of several Taiwan
backbone networks and include the Tatun Volcano Observatory seismic network (Kim
et al., 2005c), include more than 1.6 million P-wave and 1.2 million S-wave picks from
more than 58,000 MW 2.5+ events recorded at 165 stations since 2002 (Figure 2). In
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addition, four events nearby the TVG recorded at 23 stations in the Strong Motion Downhole Array—a 3D triggered borehole array in Taipei Basin—have been integrated into
the CWB pickfiles (Huang et al., 2010a). The chosen study area is approximately a
rectangle of 184 km east–west by 136 km north–south with a southwest corner at 24.4°N
and 120.4°E that comprises most of northern Taiwan. Within this study area, approximately 23,500 high-quality P- and S-wave picks were used from 7000 events recorded
at 68 stations. Pick quality is reported in HYPO71 format, and only picks weighted “0”
or “1” (corresponding to 100 % and 75 % pick confidence, respectively) were accepted.
Observations that lacked S-wave picks were rejected.
The tomographic inversion and relocation package used in this study mirrors that
used in Kim et al. (2005c); it was developed by Benz et al. (1996), further modified by
Shen (1999), and uses ray tracing code by Podvin & Lecomte (1991) developed specifically to handle large and sharp lateral velocity contrasts—this sets it apart from other
tomographic packages and is ideal for volcanic regions such as the one in which this study
focuses (Pujol et al., 2006). The exact inversion and relocation algorithms are described
in detail elsewhere (Benz et al., 1996; Shen, 1999; Kim, 2003); summarily, the velocity
model is parameterized in terms of blocks of constant size, and slowness (reciprocal of
velocity) is used as an inversion parameter. The inversion process is iterative: the output
model and relocated events from the first iteration are fed back into the program to use
as initial parameters for the next iteration. This process continues until such time that
there are diminishing returns in P- and S-wave travel time fit RMS—typically fewer than
10 iterations. The VP /VS ratio is calculated by the division of the final output VP and VS
models.
One of the most important factors affecting the final results of any tomographic
study is the creation of an initial model (Kissling et al., 1994). Tomographic studies
typically start with a 1D initial model and expand the 1D model to a laterally-uniform 3D
initial model (e.g., Wu et al., 2007b). But because the near-surface of Taiwan is extremely
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Figure 2. Map of all events recorded by the Central Weather Bureau from
2002 to 2014. Out of more than 58,000 MW 2.5+ events, approximately 23,500
high-quality P- and S-wave picks were used from 7000 events recorded at 68
stations within the study area, shown with a dashed box.
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heterogeneous, a laterally-homogeneous initial model is unlikely to well-represent sharp
velocity contrasts, especially those near the surface where raypath coverage is poor.
It is known that seismic velocities beneath the Central Range of central and eastern
Taiwan are anomalously high, while those beneath the Western Foothills and coastal
basins are anomalously low (Huang, 1998; Kim et al., 2005c; Wu et al., 2007b; You et al.,
2010; Huang et al., 2014). Travel time residuals for regional events may be as great as
±2 s, depending on station locations (Chen, 1995; Kim, 2003; Kim et al., 2005c; Huang
et al., 2012). The pattern of P- and S-wave travel time residuals correlates well with both
surface geology and P- and S-wave station corrections determined from joint hypocenter
determination (Pujol, 1988; Kim et al., 2005c); further, the pattern of residuals remains
consistent regardless of the hypocentral location of recorded crustal events. This leads to
the conclusion that this broad pattern of fast-in-the-east and slow-in-the-west anomalies
has its origins primarily near the surface (Kim, 2003; Kim et al., 2005c). This conclusion
is supported by additional evidence from surface geology (Ho, 1988), shallow seismic
profiles (Chen et al., 1998), and the distribution of arrival time residuals observed from
antipodal earthquakes (Huang, 1998; Huang et al., 2012). In order to determine the best
inversion results possible, it is therefore important to create an initial model for Taiwan
with prudence and with as much a priori information of the near-surface velocity structure
as possible. Given the lack of raypath coverage and spatial resolution at the near-surface
typically inherent to most tomography studies, the failure to include lateral variations of
velocity due to topography and near-surface geological structures in the initial model—
particularly in a region with such acute lateral variability, such as Taiwan—will result in
deeper structures compensating for the combination of large travel time residuals and the
lack of near-surface resolution. Essentially, near-surface structural units will be smeared
into deeper structures, contaminating the final results (Romanowicz & Dziewonski, 2010;
Huang et al., 2014).
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First, to generate a reasonable initial model to be used in this study, a simple
regional 1D layer model—the same that is used by the CWB for routine event locations—
is expanded to three dimensions (Shin & Chen, 1998). Following that, joint hypocenter
determination (JHD) is used to get correction factors for each station. A generalized
inversion method introduced by (Pujol, 1988, 2000) is used to solve the JHD problem.
This method is a minimum-length solution. As a result, the change in station corrections over each iteration is equal to zero; the average of all station corrections remains
constant. The resultant station correction factors encode within them the near-surface
inhomogeneity that induces the large and laterally-variant travel time residuals that are
observed throughout Taiwan (Kim et al., 2005c,b). Finally, the JHD station corrections
are used to perturb the initial model such that the theoretical travel times from depth
match the arrival time plus the correction factor at each station. Though imperfect, this
method provides a much more realistic constraint on near-surface seismic velocities than
a laterally homogeneous initial model, and it results in a final 3D velocity model where
JHD-determined station corrections are consistent with those from the observed data—
a crucial test for determining the accuracy of a 3D tomographic inversion (Pujol, 1995,
2000; Kim, 2003; Kim et al., 2005c).
Because JHD uses relative locations as opposed to absolute, errors in hypocenter
relocations could result in a systematic shift of all relocated events in some direction,
but this will not fundamentally alter the resultant pattern of station corrections. More
importantly, JHD assumes the effect of model deviations near the event hypocenters
is negligible compared to the accumulated deviations along the ray path and near each
station. The latter two effects are combined into a single “station correction” factor that
reflects the changes of velocity around both the stations as well as along each ray path
(Pujol, 1988). Hence, to produce station corrections that are largely indicative of nearsurface lateral inhomogeneity, a tight cluster of earthquakes within the network of stations
should be chosen for the determination of station corrections (Viret et al., 1984; Pujol,
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2000; Kim et al., 2005c,b). In this case, an earthquake swarm centered in or around the
TVG is ideal to produce representative station corrections corresponding to the local.
near-surface lateral heterogeneity thereabouts.
Because the station corrections are interpreted as being due to near-surface inhomogeneity, only the top 10 km of the initial model are perturbed. A relatively simple
way to perturb the initial model would be to introduce a constant that perturbs each block
above 10 km depth such that the sum of travel times in each block from 10 km to the
surface, times a constant, matches the travel time within the unperturbed initial model
plus the JHD correction factor. Equation 1 introduces just such a constant to perturb travel
times within each block,
T +C =

10/dz
X

kt i,

(1)

i=1

where T is the total travel time from 10 km to the surface, C is the JHD station correction, k is the aforementioned arbitrary constant used to perturb travel times within each
block, t i is the travel time within the i th block from the surface, and dz is the tomography
blocksize (e.g., if a blocksize of 2 km is used, the topmost five blocks would stretch from
the surface to 10 km depth). The perturbed travel time, t i0, of any individual block is then,
t i0 = kt i , and the new velocity, vi0, can be calculated by, vi0 = dz/t i0.
However, because of the nature of the Earth, where velocity typically increases
with depth, perturbing by a simple constant results in a disproportionate amount of the
perturbation to be concentrated at depth rather than near the surface. As an example
as to why this may be: a 10 % perturbation of a 6 km/s block at 10 km depth is much
larger in magnitude than a 10 % perturbation of a 3 km/s block at the surface; hence,
with a simple constant applied to all depths equally, a larger proportion of the travel time
perturbation accrues at depth rather than at the surface. To solve this, a weighted constant
is introduced,
T +C =

10/dz
X

(t i + kωi t i ) ,

i=1
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(2)

where ωi is a weighting factor for the i th block. In this case, the travel time in each block
above 10 km depth is equal to its original travel time plus some weighted percent of the
original travel time. Arbitrary weights may then be chosen to emphasize the concentration
of perturbation near the surface. In this study, weights of ω1 = 0.9, ω2 = 0.7, . . . ω5 = 0.1
are chosen.
Finally, most tomography studies adjust travel times at all stations down to sea
level using a constant velocity so that velocities are only inverted for depths greater
than zero (both to avoid inverting for the air, above sea level, and to reduce topographic
effects on the inversion). However, it was noted that cumulative time required by seismic
waves to travel from sea level to each station is inherently built into the JHD station
correction factor. Thus, it would be more realistic to include the elevation of each station
in the equation calculating the perturbation of the initial model. By considering station
elevation, Equation 2 becomes,
10/dz
X
h
T + C = kω0 +
(t i + kωi t i ) ,
v0
i=1

(3)

where h is the elevation to each station, v0 is the velocity above the surface, and ω0 is an
arbitrarily chosen weighting factor for travel time above the surface (in this study, ω0 =
1.0). Solving for the constant, k, Equation 3 can be simplified to,
10/dz
X
h
*
k = C .ω0 +
ωi t i +/
v0
i=1
,
-

−1

(4)

The perturbed travel time of any individual block is, t i0 = t i (1 + ωi k), and the velocity can
be calculated by, vi0 = dz/t i0. Thus, the sum of travel times in each block from 10 km to sea
level, plus the travel time from sea level to each station’s elevation, all times weighted
perturbations proportional to the original travel time, is equal to the total travel time
expected from the initial 1D layer model plus the JHD station corrections.
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3

Results
Several different methods, approaches, and parameters are attempted that differen-

tiate the results herein from prior regional tomography studies. In a typical tomography
study, all stations are corrected down to sea level by way of a uniform velocity, and a
laterally-homogeneous initial model is used for inversion. In a hypothetical scenario
where tomography is performed on a dataset with zero raypath coverage, the output result
will be identical to the initial model. In any tomographic study, the output model will
be largely the same as the input model wherever raypath coverage is poor. Since raypath
coverage is inherently poor in the Earth at the near-surface due to near-vertical incidence
of seismic waves, lateral heterogeneity near the surface is most often poorly resolved
(hence, tomographic studies usually focus on features below a depth of 5 and 6 km). In
such a situation, a laterally-homogeneous starting model is not ideal. In this paper, an
attempt is made to create a better near-surface model by perturbing the top 10 km of a
laterally-homogeneous initial model using information gained by way of joint hypocenter
determination. Lastly, the effect of blocksize on the final results is examined by running
the tomography on the same dataset multiple times, each time with a different blocksize.
In any tomographic study, there is always a tradeoff between resolving power and spatial
resolution when a blocksize is selected. Larger blocksizes are useful to obtain insight on
large-scale, deeper, and regional structural variations, but at the cost of wiping away local
anomalies. Smaller blocksizes may resolve strong local anomalies, but have insufficient
raypath coverage to accurately image broad, deep structure. In the specific case of the
Tatun Volcano Group, a very small blocksize is warranted to image a small anomaly
(Figure 3) apparent in the JHD station corrections.
3.1

Initial Model
First, a heterogeneous 3D model is prepared using Equations 3 and 4. A small

cluster of earthquakes beneath the TVG are isolated and relocated using joint hypocenter
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determination (JHD). A 1D layer model, used by the Taiwan Central Weather Bureau
(CWB) for routine earthquake location (Shin & Chen, 1998), was used as the initial model
for JHD. Similarly to that described by Kim et al. (2005b), the quality of resultant station
corrections is ensured by defining a selection criteria to the event data and a choosing a
few parameters to avoid poorly-constrained results. A total of 23 events in and around the
TVG from 2004 to 2014 were selected (Table 1), and phase arrivals with high uncertainty
(>0.3 s) were discarded. Additionally, the condition number for the matrix of partial
derivatives for the individual earthquake locations was set to 180, and the cut-off value for
the RMS residual of each event after 5 iterations is set to not exceed 0.5 s. A large cut-off
value avoids unnecessarily nullifying observations with large anomalies due to the severe
east–west lateral heterogeneity previously found to exist across Taiwan (Chen, 1995; Kim,
2003; Kim et al., 2005c,b; Huang et al., 2012).
The resultant station corrections encode differences between the initial model and
the actual earth structure along the ray path and around the stations. These differences
are primarily due to lateral variations of near-surface strata and topography (Kim et al.,
2005c,b). In the JHD results, a stark east—west lateral contrast as great as ±2 s can be
clearly observed (Figure 3). These station corrections are consistent with the findings
of Kim (2003) and Kim et al. (2005c), as well as recent tomography studies of Taiwan
(Wu et al., 2007b; You et al., 2010; Huang et al., 2014). Unique to this study, arrival
times from three events recorded on the Strong Motion Downhole Array in Taipei Basin
(Huang et al., 2010b) are manually picked, integrated into the dataset, and station corrections are redetermined in an effort to understand how borehole measurements may
improve imaging of the TVG subsurface. As can be seen in Figure 3, while P-wave station
corrections are largely similar (excepting the improved resolution in Taipei basin due
to better station coverage), a low VS anomaly appearing no larger than 6 km2 directly
beneath Mt. Chihsing in the TVG is greatly accentuated. This shows that the integration
of borehole data from Taipei Basin into the tomography dataset may provide an important
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Table 1. Table of TVG-area events used in the JHD analysis. A total of 23
events in and around the TVG from 2004 to 2014 were chosen, and phase
arrivals with high uncertainty (>0.3 s) were discarded. “N” represents the
number of stations that recorded that particular event.
Date

Time

Lat (°N)

Lon (°E)

Depth (km)

Mag

N

2002/03/31
2002/04/08
2004/01/29
2004/02/24
2004/02/24
2004/10/23
2005/12/05
2006/04/24
2007/04/25
2007/04/25
2007/04/25
2007/05/29
2007/07/14
2009/10/20
2009/10/20
2009/10/20
2009/10/20
2009/10/20
2011/02/02
2013/01/16
2014/02/11
2014/03/09
2014/04/24

07:16:18
23:21:20
04:44:34
00:24:55
11:22:46
14:04:28
10:15:30
03:00:57
05:47:08
05:52:55
12:25:27
14:29:03
08:15:10
05:40:42
05:54:08
05:55:44
06:03:38
06:32:05
17:32:29
01:31:12
16:31:02
19:47:07
09:26:11

25.16
25.17
25.17
25.17
25.17
25.01
25.00
25.14
25.18
25.19
25.17
25.17
25.18
25.17
25.17
25.17
25.17
25.18
25.15
25.16
25.13
25.13
25.17

121.58
121.57
121.60
121.61
121.62
121.56
121.58
121.58
121.59
121.58
121.58
121.58
121.58
121.60
121.60
121.59
121.60
121.59
121.55
121.56
121.57
121.56
121.58

8.01
7.94
6.27
8.28
6.75
9.49
10.68
7.25
7.20
9.29
3.53
6.13
7.94
6.67
7.14
7.45
7.04
6.65
7.53
4.02
6.40
4.94
2.66

2.8
2.6
2.5
2.7
2.9
3.7
3.7
3.1
3.1
2.5
2.8
3.0
2.5
3.2
2.8
3.1
2.7
3.0
3.1
2.7
4.2
2.7
2.5

05
11
17
16
19
39
43
23
27
13
13
38
20
29
19
32
17
28
39
45
99
79
26
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boost to resolution beneath the TVG. Assuming VS within a range of 1.5 to 3.5 km/s
beneath the TVG (Kim et al., 2005c), features on the order of 1 to 2 km2 are resolvable
from local and regional events, where the frequency of the direct S phase is generally
≥1 Hz. The resultant P and S station corrections are then used to perturb the standard 1D
Taiwan regional model (Equations 3 and 4) and produce laterally-heterogeneous 3D initial
models with perturbations concentrated near the surface. The initial VS model constructed
for study is shown in Figure 4.
3.2

Checkerboard Tests
Prior to interpreting the results of any tomography run, it is important to test the

parameters of the inversion to obtain the best resolution for the targeted areas from the
given station distribution and event locations. When a tomographic study is looking at
near-surface structure—as is the case, here—it is quite possible that some small shallow
velocity anomalies that may exist in the Earth are unable to be resolved due to lack of
raypath coverage. In Figure 5, multiple slices of input and output checkerboard tests are
presented. The fabrication of the checkerboard matches that in Kim et al. (2005c): the
initial 3D velocity model is perturbed by alternating addition and subtraction of a fixed
percent in three dimensions, in the pattern of a checkerboard. Each “checker” represents
a ±5 % perturbation of the initial model that is 4 × 4 × 2 blocks in size; thus, at the edge
of each checker exists a 10 % velocity discontinuity. The checkerboard test is repeated for
three separate lateral blocksizes (2 × 2 × 2, 4 × 4 × 2, and 8 × 8 × 2 km) both to determine
the ideal size to use for imaging the near-surface structure beneath the TVG, as well
as help to understand the effect of varying blocksize on resolving the small travel time
anomaly centered beneath Mt. Chihsing. In all previous tomography studies conducted in
northern Taiwan, a minimum blocksize of 8 × 8 × 2 km has been used (Kim et al., 2005c;
Wu et al., 2007b; You et al., 2010; Huang et al., 2014). Such a large blocksize provides
for excellent raypath coverage throughout the island of Taiwan, but is too large to image
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Figure 3. P- and S-wave station corrections before and after Strong Motion
Downhole Array stations in Taipei Basin are added. Triangles are stations,
gray circles are the initial event locations, and red circles are the relocated ones.
Joint hypocenter determination was performed on a cluster of earthquakes
in and around the TVG and Taipei Basin. A small anomaly (≤6 km2 ) under
Mt. Chihsing is greatly accentuated (circled), particularly in the S-wave
corrections, when observations from the SMDA are used. Assuming VS of
1.5 to 3.5 km/s beneath the TVG, features on the order of 1 to 2 km2 are
resolvable from local and regional events. The fast anomaly within Taipei
Basin is also a highly local anomaly (Young et al., 2016).

93

121.7˚E

Figure 4. Initial Model: VS . The standard 1D Taiwan regional model
is perturbed by Equations 3 and 4, visually mimicking the JHD station
corrections Figure 3. The perturbations are weighted to concentrate most
lateral heterogeneity within the top 10 km. Triangles depict stations, and the
TVG is circled in green.
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small local features. The results of the checkerboard tests in Figure 5 show that though
resolution power at depth decreases dramatically as blocksize decreases, blocksizes as
small as 2 × 2 × 2 km are still able to sufficiently resolve structure directly beneath the
Mt. Chihsing area where there exists a high density of stations.
3.3

3D Seismic Tomography
Finally, 3D tomography is performed using approximately 23,500 high-quality P-

and S-wave picks from 7000 events recorded at 68 stations in northern Taiwan. These
picks include those from the Tatun Volcano Observatory (TVO) seismic network, as well
as the Strong Motion Downhole Array (SMDA) in Taipei Basin. P- and S-wave arrival
times at the 32 surface and borehole stations in the SMDA were manually picked for
three events. The TVO network adds an additional eight stations around the TVG and
brings station spacing down to as low as 1 to 3 km. In combination with the SMDA, these
stations bring a resolution to the TVG previously unseen in northern Taiwan tomography.
The inversion was repeated with three separate blocksizes—2 × 2 × 2, 4 × 4 × 2, and
8 × 8 × 2 km—for both a laterally-homogeneous initial model as well as the heterogeneous model calculated via perturbation using JHD station corrections (Equations 3
and 4). A total of six different output models were produced: one for each combination of
blocksize and initial model.
The results of this series of inversions for the heterogeneous perturbed model introduced in this study are seen in Figures 6 to 11. Firstly, it’s clear that using the laterallyhomogeneous Taiwan 1D regional model as a starting model results in near-surface
structure that is far more homogeneous than is expected by numerous prior geophysical
and geological studies (Figure 6). The fast-to-the-east and slow-to-the-west divide that is
known to exist at the near-surface in Taiwan is largely absent. This stands in stark contrast
to the results obtained with a laterally-homogeneous starting model (Figure 6).
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Figure 5. Checkerboard tests. 3D views are centered on Mt. Chihsing in the
TVG. Resolution trades off with block size: smaller blocksizes resolve smaller
wavelength features but lose resolution at depth; larger blocksizes resolve
large wavelength features, but provide unrealistic near-surface structure. At
2 × 2 × 2 km resolution, structure is well-resolved immediately around the
TVG (circled in green) above 7 km. Deeper structure is resolved with an
8 × 8 × 2 km blocksize up to a depth of at least 16 km. Triangles depict
stations, and black circles show relocated hypocenters. Areas lacking raypath
coverage are masked.
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In the results obtained via the smallest lateral resolution (2 × 2 × 2 km, Figures 7
to 11, left column), a column of low VP , low VS , and high VP /VS ratio is apparent nearly
directly under Mt. Chihsing. Prior studies (e.g., Kim et al., 2005a; Lin et al., 2005; Konstantinou et al., 2007; Rontogianni et al., 2012) have shown that the most seismicallyactive areas in the TVG are immediately beneath Mt. Chihsing as well as beneath the
Tayiokeng geothermal area about 2 km to its east, where water and fumaroles as hot as
200 ◦C still flow to the surface. At this fine spatial resolution, the vertical extent of the
high VP /VS zone is unclear, however, as it smears into an area of poor resolution beyond a
depth of about 6 km (Figure 5).
The sharply higher area of VS and low VP /VS to the immediate east–southeast of
Mt. Chihsing are also present in results by Kim et al. (2005c), Wu et al. (2007a), and
Huang et al. (2014) and correlate strongly with the high topography and root of the
southern and eastern extents of the TVG. Wu et al. (2007a) suggests that the basement
of the Central Range may be formed by continental granitic rocks, resulting in the high VP
and low VP /VS seen broadly in the eastern half of Taiwan. Komori et al. (2014) suggests
a low-permeability cap several hundreds of meters thick at the surface just to the east–
southeast of Mt. Chihsing. This would contrast with the fluid and vapor-saturated soils in
the immediate vicinity of Mt. Chihsing and the Tayiokeng geothermal area (Konstantinou
et al., 2007); the presence of even a small amount of fluid would have the effect of sharply
dropping the local seismic velocities (Ma et al., 1996). It is probable that highly metamorphosed rock (Kim et al., 2005c), in combination with the low-permeability cap at the nearsurface, result in the unusually high VS anomaly seen to the immediate east–southeast
of Mt. Chihsing. The additional presence of broad, high-density intrusive masses along
the Sanchiao fault (often referred to as the “Chinshan fault” within the TVG), interpreted
from Bouguer gravity anomalies (Yang et al., 1994), may contribute to the relatively
higher seismic velocities—and lower VP /VS —seen in this area.
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Figure 6. Tomography Results: VP /VS (using the laterally-homogeneous
standard 1D Taiwan regional model as an initial model). Though bearing
some similarity at depths beyond 10 km to VP /VS results that utilize the
heterogeneous initial model proposed in this study (i.e., Figure 7), nearsurface results starkly differ. The 1D initial model results in near-surface
structure that is far more homogeneous than is expected by prior geophysical
and geological studies—the east–west divide widely observed at the nearsurface is entirely absent. Triangles depict stations, and black circles show
relocated hypocenters. Areas lacking raypath coverage are masked.
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Figure 7. Tomography Results: VP /VS . A very small column of high VP /VS
is seen extending to the near-surface under Mt. Chihsing (circled in green)
with a 2 × 2 × 2 km blocksize. Still somewhat visible below the surface in
the 4 × 4 × 2 km view, this area is completely absorbed into the regional
low VP /VS in the east at the largest blocksize of 8 × 8 × 2 km. A broader
region of low VP /VS is seen slightly down and to the east of Mt. Chihsing,
starting at about 10 km depth. Triangles depict stations, and black circles
show relocated hypocenters. Areas lacking raypath coverage are masked.
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Figure 8. Tomography Results: VS Anomaly (relative to standard 1D Taiwan
regional model). An area of approximately −8 to −12 % anomalous VS is
apparent below and slightly to the east of Mt. Chihsing (circled in green). The
top of this anomaly lies at approximately 8 km depth; seismicity is clustered
at its top boundary. Triangles depict stations, and black circles show relocated
hypocenters. Areas lacking raypath coverage are masked.
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Figure 9. Tomography Results: VP Anomaly (relative to standard 1D Taiwan
regional model). Though less striking than in the VS anomaly figure, an
area of approximately −5 to −12 % anomalous VP is apparent below and
slightly to the east of Mt. Chihsing (circled in green). The top of this anomaly
lies at approximately 8 km depth; seismicity is clustered at its top boundary.
Triangles depict stations, and black circles show relocated hypocenters. Areas
lacking raypath coverage are masked.
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Figure 10. Tomography Results: VS . As in the VP /VS results, a column
of low VS is seen extending from the near-surface down to approximately
6 km depth with a blocksize of 2 × 2 × 2 km. Beyond 7 km, a broad area of
low VS can be seen below and slightly to the east of the TVG; seismicity
is clustered at its top boundary. Triangles depict stations, and black circles
show relocated hypocenters. Areas lacking raypath coverage are masked.
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Figure 11. Tomography Results: VP . Though less apparent than in the VS
figure, a column of low VP is seen extending from the near-surface down to
approximately 6 km depth with a blocksize of 2 × 2 × 2 km. Beyond 7 km,
a broad area of low VP —most apparent with 8 × 8 × 2 km blocksize—can
be seen below and slightly to the east of the TVG; seismicity is clustered at
its top boundary. Triangles depict stations, and black circles show relocated
hypocenters. Areas lacking raypath coverage are masked.
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As we scale larger to 4 × 4 × 2 and 8 × 8 × 2 km blocks, the swath of raypaths captured by each block increases and resolvability of the synthetic checkerboards increases
commensurate. The utility of three separate blocksizes is immediately apparent. The
inversion results using a 4 × 4 × 2 km blocksize share similarities to both the 2 × 2 × 2
and 8 × 8 × 2 km images; the intermediate blocksize acts as a bridge, helping to interpret
and interpolate between the fine scale at the near-surface and the broad scale at depth.
At the larger blocksizes, the near-surface anomaly beneath Mt. Chihsing has nearly been
assimilated into the broad region of high velocity and high VP /VS that covers the eastern
half of Taiwan. This assimilation is an artifact of aliasing; the Mt. Chihsing anomaly is a
real effect seen in arrival-time data. Mt. Chihsing is surrounded by stations of the TVO,
and a clear and consistent arrival time anomaly is accentuated by JHD station corrections
(Figure 3). The image changes slightly as we look at increasing depths, however. Whereas
the small 2 × 2 × 2 km blocksize has poor resolving power at depths beyond roughly
6 km in the TVG, larger blocks capture more rays and provide better resolution at these
depths. With these larger blocksizes, a larger area—roughly 4 × 8 km—of low VP , low
VS , and slightly elevated VP /VS is imaged dipping down-to-the-southeast from about
8 km to at least 12 km depth (Figure 12). This represents a fairly substantial departure
from the laterally-homogeneous regional Taiwan velocity model used as a basis for
routine earthquake location and often used as an initial model for tomographic studies.
The imaged anomaly beneath the TVG is about 10 to 13 % slower for VP , 10 to 15 %
slower for VS , and the VP /VS ratio is about 1.78. Both P- and S-wave velocities at 8 to
12 km depth are much slower than would be expected by the minimum 1D model developed by Konstantinou et al. (2007) for the TVG region, though said model is also poorly
constrained below 6 km due the abrupt cessation of local seismicity below this depth; a
VP /VS ratio of about 1.78 is, however, consistent with prior findings in the TVG region
and is slightly elevated compared to its surroundings in northern Taiwan. Notably, the
tomographic results presented herein show hypocenters in agreement with Konstantinou
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et al. (2007) and Kim et al. (2005a), ceasing abruptly at the transition between the highvelocity near-surface and the broad low velocity zone that begins between 8 to 12 km
depth.
4

Discussion
This paper uses several different approaches to create and interpret 3D tomo-

graphic images centered beneath the Tatun Volcano Group (TVG), just a few kilometers
northeast of Taipei, Taiwan. Originally thought to be extinct with its last eruption 0.3 Ma,
recent geological, geophysical, and geochemical evidence suggests the possibility of
continued activity; strata within the topmost sediments of Taipei Basin indicate phreatic
eruptions as recently as 6 ka.
Previous 3D tomographic studies in Taiwan have been regional in nature and use
blocksizes no smaller than 8 × 8 × 2 km. In any tomographic study, there is always a
tradeoff between resolving power and spatial resolution. As other studies were regionallyfocused, larger blocks were used to improve resolving power broadly and at depth. This
study focuses specifically on the Tatun Volcanic Group (Figure 1). The inclusion of
data from the Strong Motion Downhole Array in Taipei Basin and the Tatun Volcano
Observatory seismic network provides heretofore unseen resolution around the TVG; with
these additional station locations, station spacing around the TVG is reduced to roughly
1 to 3 km. The presence of a small near-surface velocity anomaly (approximately 6 km2 )
necessitated a very small block size of 2 × 2 × 2 km. This results in very poor resolution
at intermediate depths, but improved resolution near the surface. To compensate for poor
depth resolution, the 3D tomographic inversion was run three times, each with a different
blocksize: 2 × 2 × 2, 4 × 4 × 2, and 8 × 8 × 2 km. Small blocks provide better resolution
at the near-surface, while large blocks capture more detail at depth.
When determining the parameters to use for any 3D tomography study, blocksize is very important. Perhaps equally important is the initial model. Taiwan has un-
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Figure 12. Tomography Results: Mt. Chihsing Slices. A zoomed image of
west–east tomography slices through Mt. Chihsing (indicated with vertical
line). At a blocksize of 2 × 2 × 2 km, a column of low VS , high VP /VS is
seen extending from the near-surface down to at least 6 km depth. At larger
blocksizes, a broader region of low VS , high VP /VS can be seen extending
down and to the east from beneath the TVG. Seismicity is clustered at the
top of this broad anomaly. Triangles depict stations, and black circles show
relocated hypocenters. Areas lacking raypath coverage are masked.
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usually strong lateral heterogenity which separates the island into two halves; seismic
velocities are anomalously slow in the west and anomalously fast in the east to such a
degree that arrival time anomalies during routine earthquake location by the Central
Weather Bureau are frequently as high as ±2 s, depending on which half of the island
the observing stations are situated in. Station corrections calculated by way of joint
hypocenter determination both mimic this east—west divide and correlate strongly with
topography; as such, this strong heterogeneity is considered to be largely a near-surface
phenomenon. These station corrections (Figure 3) are used to perturb the top 10 km of
a laterally-homogeneous layer model, providing a more accurate initial model for a 3D
tomographic inversion.
Three dimensional tomographic images are only as good as the initial model and
the raypath coverage; where there is poor raypath coverage—as is typically the case at the
near-surface where the incidence of seismic waves approaches vertical—the output result
will depend strongly on the initial model. For an area with strong lateral heterogeneity
such as Taiwan, a homogeneous layer model is not ideal; the near-surface heterogeneity is
smeared into deeper structures, resulting in less-accurate output results.
Finally, after conducting six separate 3D tomography runs—three blocksizes each
for both a laterally-homogeneous layer model and a 3D perturbed initial model—results
point to a low VP , low VS , and relatively high VP /VS area beneath Mt. Chihsing, the largest
volcanic dome in the TVG (Figures 7, 8 and 10). Smaller blocksizes indicate a small,
anomalously-slow region with a surface area no larger than 6 km2 extending southwards
from the near-surface to at least 6 km depth. By increasing the blocksize, the very small
near-surface anomaly is assimilated (due to aliasing) into the broad, anomalously-fast
crust in the east of Taiwan, but structure at depth is better resolved. A downward and
south–southeast dipping region of low VP , low VS , and high VP /VS is seen stretching from
a depth of approximately 8 km to at least 12 km beneath and to the east of Mt. Chihsing
(Figure 12). Compared to the Taiwan regional layer model, this anomaly is approximately
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10 to 13 % slower for VP , 10 to 15 % slower for VS , and has a slightly elevated VP /VS ratio
of about 1.78. These results are consistent with the minimum 1D model determined
specifically for the TVG by Konstantinou et al. (2007), and the depth of the observed
anomaly matches the predicted depth of a postulated reservoir of partial-melt at 8 to
10 km. Notably, seismicity abruptly ceases just above the top of the imaged low velocity
area (Figure 12), matching observations of local tremors by other studies (Kim et al.,
2005a; Konstantinou et al., 2007).
5

Conclusions
The low VP , low VS , and high VP /VS directly beneath and adjacent Mt. Chihsing,

apparent in travel time residuals and with smaller blocksizes at the near surface and
potentially joining with and extending beyond 12 km depth, is indicative of structures
with relatively higher ductility compared to the surrounding metamorphic and basaltic
rock. These anomalously slow seismic velocities could stem from any combination of
heat, partial melt, or a region highly-saturated with fluid.
Located just 3 km east of Mt. Chihsing’s crest, the Tayiokeng geothermal area
is highly active with fumaroles. In Konstantinou et al. (2007), a minimum 1D velocity
model specific to the TVG around Mt. Chihsing and the Tayiokeng geothermal area
is constructed using spasmodic outbursts and local events: low VP and VS anomalies
greater than 15 % and VP /VS ratios as high as 1.8 are seen at the near-surface; a region
of highly saturated and fractured rock is hypothesized to extend from beneath Mt. Chishing to the Tayiokeng geothermal area; and it is proposed that a deeper magmatic body
(>7 km depth—its upper extend delineated by the cessation of seismogenesis) feeds
magmatic fluids to the Tayiokeng area via a system of fractures and conduits stemming
from Mt. Chihsing. The results presented in this study (e.g., Figure 12) generally concur
with, and support, these observations and hypotheses.
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Multiple, independent sources show evidence of recent and continuing volcanic
activity within the TVG. The results presented in this study generally agree with previous
tomographic studies including Northern Taiwan showing anomalously low VP , low VS ,
and high VP /VS which would be expected from areas with partial-melt or saturated with
fluid or vapors (Kim et al., 2005c; Wu et al., 2007b; You et al., 2010; Huang et al., 2014).
Results by Kim et al. (2005a) show high b-values within the TVG above 30 km. Konstantinou et al. (2007) observes high volcanic tremor activity that abruptly ceases below
a depth of approximately 4 to 6 km and concludes, after consideration of prior seismic,
geophysical, and geochemical studies, that this depth represents a thermal boundary
resulting from a postulated heat source (i.e., magma chamber) beyond 7 to 8 km depth.
Konstantinou et al. (2009) shows that seismic activity around the TVG is driven by a local
stress field that differs from the regional tectonic regime and concludes that seismogenesis in the area is thus driven primarily by volcanic sources. Thermal and geochemical
analyses of fumarole fluids by Rontogianni et al. (2012) show a magmatic, rather than
meteoric, origin. Murase et al. (2014) supposes two pressure sources—hydrothermal fluid
reservoirs—driving geothermal activity and topographic disturbances a few kilometers
beneath an around Mt. Chihsing periodically fed by a deeper magma chamber. Komori
et al. (2014) finds a hydrothermal system driven by a vapor-dominated region at about
2 km depth beneath Mt. Chihsing and cautions the possibility of a future phreatic eruption
should an intense injection of volcanic fluids into this region occur. Finally, Chen &
Lin (2002); Belousov et al. (2010) show geologic evidence of ashfalls and lava flows
as recently as 6 ka, indicating that the TVG has had eruptive episodes in recent geologic
history.
Without direct evidence, it cannot be known for certain that an area of partial melt
still exists beneath the TVG; this study presents just one piece of evidence. Because of
the TVG’s proximity to the Taipei metropolitan area, vital infrastructure, and two nuclear
power plants, as well as evidence of eruptions as recently as 6 ka, it would be prudent
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to continue to study this dynamic and somewhat-enigmatic area. Deployment of a very
dense network to augment the Tatun Volcano Obervatory seismic network would improve
resolution of future tomography studies, but the resolvability of any feature beneath 6 km
is difficult due to the abrupt cessation of seismicity beyond this depth. An approach such
as that in Salah et al. (2005), which uses reflected PmP and SmS waves, could possibly
improve resolution at depth, help to quantify the size of any potential magma reservoir,
and determine the future risk imposed by the TVG in northern Taiwan.
6
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Conclusions
Pioneering research has been performed in the three individual studies that comprise the body of this dissertation.
In the first chapter, the relatively-new Strong Motion Downhole Array (SMDA)
in Taipei Basin is examined. This seismic network is an array of arrays. The SMDA is
comprised of a total of 32 triggered strong motion accelerometers at eight sites. Each site
has one accelerometer located at the surface and an additional two to four accelerometers
each co-located down individual boreholes. Used in published research only sparsely,
the strengths and deficiencies of the SMDA have never been thoroughly examined. This
dissertation provides pioneering insight into data quality, problems, and systemic errors
in this dataset. Polarity reversals, swapped components, clock desynchronization, and bad
components have all been observed and are occasional issues. Signal-to-noise ratios are
generally excellent—though, since triggering is site-wide rather than array-wide, smaller
regional earthquakes and distant teleseismic events are often recorded only partially or
by a few sites. However, the SMDA is plagued with orientation problems; since each
instrument lies within its own individual borehole, the physical orientations of each must
be individually determined. Typically a simple fix—very long period seismic waves can
be used to digitally rotate the borehole data to match the surface data—the revelation that
the orientations of numerous instruments exhibit unpredictable moderate to severe wander
over time make any future study requiring azimuthal orientation difficult to perform.
Because of this orientation-wandering behavior, azimuthal orientations for each borehole
station must be redetermined for each recorded event. Due to extreme incoherence of
waveforms within very short spatial distances—even just from one depth to the next
at the same site—determining the orientation of any borehole station in relation with
its corresponding co-located surface station can be difficult to impossible. In particular, waveform coherence from depth to surface is very poor for local events, where the
frequency of incoming seismic waves is relatively higher and samples more of the near-
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surface. For regional events, the azimuthal orientations of the borehole instruments are
often reliably determinable. Prior studies utilizing data from the SMDA have dodged a
bullet by looking primarily at amplitudes and envelopes of the recorded ground motion.
Any future study that requires accurate horizontal orientations will face considerable
difficulties determining the orientation of the borehole seismometers within the SMDA for
local events.
In the second chapter, an exploratory study of the SMDA is performed. Clear
near-surface, site-specific, and frequency-dependent amplification of seismic strong
ground motions is observed. The behavior and severity of this amplification has been
found to be directly related to thickness of the topmost sedimentary formation in Taipei
Basin—the silt-dominated Sungshan Formation. The preponderance of amplification
from depth-to-surface within the basin occurs at the topmost few tens of meters of sediment. Geological data is used to establish a relationship between amplification of strong
ground motions from depth to surface and the depth to the base of the Sungshan silts,
whose loose, unconsolidated Quaternary sediments lie atop Taipei Basin. Somewhat
tautologically, seismic observations are then used to supplement existing geological
well logs to produce a higher resolution map of the thickness of the Sungshan Formation
throughout Taipei Basin. Using the derived empirical relationship between the thickness
of the Sungshan silts and observed dominant frequencies of amplification, contours
for the thickness of the silts are then converted to contours for dominant frequencies.
Finally, the results of this empirical study are justified by modeling the observed dominant
frequency by propagating an impulse through a simplified model of Taipei Basin and
calculating vertical transfer functions from depth to surface. The synthetic model accurately reproduces observed amplification; additionally, multiple harmonics of resonance
that are occasionally challenging to see in the data (but are nevertheless present) are
clearly accentuated in the synthetic models. This study empirically validates several
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seismological concepts, including quarter-wavelength constructive interference and
downward continuation of the P–SV wavefield.
In the last chapter, a detailed tomographic study is performed in northern Taiwan, specifically targeting the Tatun Volcano Group (TVG). Originally thought to be
extinct due to a geologic record showing a cessation of eruptive activity after 0.3 Ma,
recent geological, geophysical, and geochemical studies have called into question the
conventional wisdom. Patterns of seismicity, geochemical, and magnetotelluric studies
have led some to hypothesize the existence of an active magma chamber at 8 to 10 km
depth. Because of its close proximity to the Taipei metropolitan area—home to more
than seven million people and the capital of Taiwan—and two nuclear power plants along
Taiwan’s north and northeastern coasts, a better understanding of the TVG is paramount.
Virtually every previous tomographic study of Taiwan has noted an area of relatively
low Vs in and around the TVG, but a lack of resolution has prevented much further
discussion. Joint hypocenter determination of a cluster of earthquakes centered around
the TVG has revealed a very small (≤6 km2 ) Vs anomaly centered nearly directly beneath
Mt. Chihsing—the largest volcanic dome in the TVG. All previous tomographic studies
of Taiwan have been broadly regional, rather than local, and have thus used inversion
parameters ill-suited for resolving small and strongly heterogeneous structure at the nearsurface. In this study, a novel heterogeneous 3D initial model is used in conjunction with
multiple tomography passes at several spatial resolutions to image the TVG revealing an
area of low Vp, low Vs, and high Vp/Vs extending and expanding from directly beneath
Mt. Chihsing to the south–southeast. The resultant tomographic images and patterns of
seismicity are finally compared to recent studies hypothesizing a magma chamber at 8 to
10 km depth. Though it is impossible to confirm the existence of a magma chamber—or
even an area of partial melt—using only the results of this study, the depth to the imaged
area of low Vs is consistent with the assumed depth of such an area beneath the TVG.
Additionally, seismicity beneath the TVG is mostly congregated on the top boundary of
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the imaged anomaly, and seismicity ceases within its volume. These results seem to agree
with the proposal of a hot, relatively ductile region beneath the TVG.
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